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ABSTRACT 
 
Engine Performance and Exhaust Emissions of a Diesel Engine from Various Biodiesel 
Feedstock. (December 2009) 
Bjorn Sanchez Santos, B.S., University of the Philippines at Los Baños 
Chair of Advisory Committee: Dr. Sergio C. Capareda  
 
Increasing fuel prices, stricter government policies, and technological 
developments made it possible to seek for renewable alternatives, called biofuels, to 
petroleum fuel. Biodiesel, a biofuel that is produced from chemically mixing animal fat, 
vegetable oils, or recycled restaurant grease with alcohol and catalyst, is gaining 
popularity in recent years as a substitute for petroleum diesel. Ninety percent (90%) of 
U.S. biodiesel industry makes use of soybean oil as its feedstock. However, soybean oil 
alone cannot meet such a huge demand on biofuel production. Hence, it is important to 
identify and get more information about other feedstocks, specifically on its effects on 
the performance and exhaust emissions of diesel engines.    
The purpose of this study is to investigate the performance and emissions of two 
diesel engines operating on different biodiesel fuels (i.e. canola oil, sunflower oil, 
safflower oil, peanut oil, and chicken fat) and compare them to the performance and 
emissions when the engine is operated on soybean oil-based biodiesel and petroleum-
based diesel. 
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Results indicated that an engine operating on biodiesel generates a little less 
power and torque at any given speed than one running on diesel. Such power and torque 
loss were attributed to the biodiesel’s lower energy content. The lower heating value 
(energy content) of biodiesel can be reflected in the specific fuel consumption, i.e., to 
generate the same power, more biodiesel is needed. The reduction in torque and power 
of less than 10% indicates that in some cases biodiesel has better combustion than diesel. 
Unfortunately, the high efficiency of combustion may give rise to increased combustion 
temperature which may lead to higher exhaust emissions.   
The gradual decrease in the total hydrocarbon and CO2 emissions, as blends were 
increased from B20 to B100, was also found to be an indication of better combustion 
using biodiesel fuels than petroleum diesel. However, NOx emissions were higher, 
predominantly at low speeds for most biodiesel and blends and therefore may require 
some additives or engine modifications/or adjustments to equalize the NOx emissions of 
diesel. Other emissions particularly SO2 were lower than standards require.  
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NOMENCLATURE 
 
BSFC   Brake-specific fuel consumption, g/kW-h 
CFME   Chicken fat biodiesel/ chicken fat methyl ester 
DOE Department of Energy 
EIA Energy Information Administration 
EPA Environmental Protection Agency 
PME Peanut oil biodiesel/ peanut oil methyl ester 
REFDIESEL Standard no. 2 ultra-low sulfur diesel  
RME Canola oil biodiesel/ canola oil methyl ester 
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SME  Soybean oil biodiesel/ soybean oil methyl ester  
ULSD Ultra-low sulfur diesel 
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1. INTRODUCTION 
 
 Diesel engines were developed, originally, to run using vegetable oils. In 1900, 
the French Otto company has demonstrated a diesel engine using peanut oil as fuel at the 
World Fair in Paris, France (Knothe, 2001). This became an inspiration to the German 
Engineer, Rudolf Diesel, where he believed that the utilization of biomass fuel was the 
real future of his engine. However at that time, due to the abundant supply of petroleum-
based diesel fuel and earlier problems faced by engineers in running vegetable oils, 
engine manufacturers altered their engines to utilize the lower viscosity of petroleum 
diesel rather than the vegetable oil.  
For many years, petroleum diesel has been the fuel of choice for diesel engines. 
However, increasing fuel prices, stricter government policies, and technological 
developments have made researchers and engineers to re-evaluate vegetable oils for use 
as fuel for modern diesel engines. Surpluses of basic food commodities in the past few 
decades have also encouraged interest in developing new uses for agricultural materials. 
Technological advances in growing and cultivating crops increased the amount of crops 
harvested per unit of land and lowered the cost of feedstock for crop production 
(Shapouri and Duffield, 1993).  
Moreover, the heightened competition from other countries is making it tougher 
for the U.S. grains and crops (e.g. soybeans, corn, etc.) to compete in global markets. 
Hence, farmers are finding other ways to utilize these agricultural produce. 
____________ 
This thesis follows the style of Transactions of the ASAE. 
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Policy makers and consumers, on the other hand, are demanding products that can 
reduce the country’s dependence on petroleum imports and pushing to find substitutes 
for products that are harmful to the environment.  
Biodiesel, which is produced from chemically mixing animal fat, vegetable oils, 
or recycled restaurant grease with an alcohol and catalyst, is gaining popularity in recent 
years as a substitute to petroleum diesel since it is nontoxic, biodegradable, and 
essentially free of sulfur and aromatics. According to the National Biodiesel Board 
(2008a), it works in any diesel engine with few or no modifications and offers a modest 
amount of impact to an engine’s operating performance. Blends of 20 percent by volume 
biodiesel with 80 percent by volume petroleum diesel (B20) can generally be used in 
unmodified diesel engines. Some manufacturers warrant the use of biodiesel blends up to 
B20 in diesel engines. In December 2007, the Texas Commission on Environmental 
Quality (TCEQ) approved biodiesel blends comprised of 5 percent or less by volume 
biodiesel (B5) and 95 percent or more by volume diesel fuel (TCEQ, 2007). Biodiesel 
blends above B5 and up to B20 are also legal fuel in Texas, provided they are added 
with TCEQ approved additives.  
According to Shapouri and Duffield (1993), it may take some time for the 
biodiesel fuel to economically compete with and substitute diesel fuels. Nonetheless, 
biodiesel may be used as one of the additives to improve lubricity of ultra-low sulfur 
diesel (ULSD) fuel, which is negatively affected by the removal of sulfur to meet the 
ULSD standards. Sulfur in diesel fuel acts as an engine lubricant. This is important 
because reducing sulfur content may lead to a reduction of fuel lubricity. While newer 
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engines may be designed to handle low sulfur fuel, older engines may not. Fueling an 
older model engine with low sulfur diesel for an extended period of time may result in 
injector plugging (Powell, 2007).  
According to the 2007 report of the Energy Information Administration (EIA, 
2009a) on the renewable energy trends in consumption and electricity, the U.S. energy 
consumption is highly dependent on petroleum and coal, with only 7% of the total 
consumption utilizes renewable energy (Figure 1). Biomass energy consumption stood at 
3,596 trillion Btu or 53 percent of the renewable energy market in 2007. 
 
 
Figure 1. U.S. Energy consumption in 2007. (EIA, 2009a) 
  
Recent increases in oil prices and demand for less foreign energy dependency 
have led to a push for producing alternative fuels.  According to Pradhan et al. (2008), 
biodiesel production in the U.S. has grown rapidly. It has increased from under 1.89 
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million liters (1/2 million gallons) in 1999 to over 568 million liters (150 million 
gallons) in 2006. The Energy Information Administration (EIA, 2009b) projects U.S. 
demand for biofuels will increase from 0.48 million barrels per day (MMbd) in 2007 to 
2.39 million barrels per day (MMbd) in 2030 (Figure 2). Despite the recent economic 
downturn, growing demand for energy and efforts by petroleum-producing countries to 
limit access to their oil reserves, in the long run, are expected to lead to an increase in 
petroleum oil prices. With this trend, more alternative fuels such as biodiesel are 
expected to be produced and U.S. dependence on foreign petroleum may decline in the 
following years. 
 
Figure 2. Projected Biofuels demand (million barrels/day) from 1970 to 2030. (EIA, 
2009b)  
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Most of the biodiesel fuels being produced in the U.S. are made from soybean 
oil. In 2007, soybeans represented 56 percent of the world oilseed production, in which 
32 percent of those soybeans were produced in the United States. Soybeans were planted 
on 63.6 million acres (25.7 million hectares); producing 2.585 billion bushels (70.36 
million metric tons). According to the National Biodiesel Board (2008b), each bushel of 
soybean being produced can be converted into 1.5 gallons of biodiesel and 48 pounds of 
protein-rich meal. If all of the soybeans being produced are converted into biodiesel, the 
United States can produce 10.623 million gallons/day or 0.253 MMbd of biodiesel. This 
could have lessened the gap between the supply and demand on biofuels in 2007. 
However, soybeans are being utilized for other means as well. Such that 49% of the U.S. 
total soybean oil consumption is utilized for salads and cooking oil; 27% are for baking 
and frying fats; while only 18% are being used for industrial products (i.e. biodiesel 
included).  
Other feedstock may have to be discovered or developed in order to close such a 
gap. Therefore, it necessary to investigate on other feedstock produced in the United 
States such as safflower, sunflower, canola and peanut oil.  
Stricter government policies such as the ULSD standards and Clean Air Act of 
1990 had also made a drive for researchers to develop new and better alternative fuels to 
petroleum diesel. The Environmental Protection Agency (EPA) has reported in 2004 that 
non-road diesel engines have a substantial role in contributing to the nation’s air 
pollution. These non-road diesel engines are primarily used in construction, agricultural, 
and industrial applications and may have been projected to continue to contribute large 
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amounts of particulate matter, nitrogen oxides, and sulfur oxides, all of which contribute 
to serious public health problems in the United States.   
Effective August 30, 2004, the EPA has adopted new emissions standards for 
non-road diesel engines and sulfur reductions in non-road diesel fuel. These changes 
should reduce harmful emissions, as well as help states and local areas designated as 8-
hour ozone non-attainment areas to improve their air quality. A two-step sulfur standard 
for non-road, locomotive, and marine (NRLM) diesel fuels has been finalized by the 
EPA. According to the standard, beginning June 1, 2007, refiners will be required to 
produce NRLM diesel fuel with a maximum sulfur content of 500 ppm. Then, beginning 
June 1, 2010, the sulfur content will be reduced for non-road diesel fuel to 15 ppm (EPA, 
2004). This standard will achieve considerable, cost-effective reductions of sulfate PM 
and SO2 emissions, which will provide substantial public health and environmental 
benefits, which outweigh the cost of meeting the standards necessary to achieve them. 
The final sulfur standards will also allow high efficiency control technology to be 
applied to non-road engines, since sulfur can inhibit or impair the function of diesel 
exhaust emission control devices that will be necessary for non-road diesel engines to 
meet the finalized emission standards (EPA, 2004). 
With all these factors (i.e. increasing fuel prices, stricter government policies, 
and technological advancements) in hand, many researchers have re-evaluated vegetable 
oils as a substitute fuel for petroleum diesel. It is important to understand and gain more 
information on feedstock potential for biodiesel production, such as sunflower, 
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safflower, canola and peanut oil, particularly on its fuel characteristics and effects on the 
operating performance and exhaust emissions of non-road diesel engines.  
 
1.1 Objectives 
The purpose of this research is to investigate the performance and exhaust 
emissions of two types of diesel engines operating on biodiesel fuels derived from 
various sources (i.e. canola oil, sunflower oil, safflower oil, peanut oil, and chicken fat) 
and compare them to the performance and exhaust emissions when the engine is 
operated on soybean oil-based biodiesel and petroleum-based diesel. The specific 
objectives of the study are as follows: 
(a) To gain more information on the oil extraction, refining, and biodiesel fuel 
characteristics of sunflower, safflower, and peanut oil;  
(b) To perform ASTM characterization and assess biodiesel quality of the test fuels;  
(c)  To determine the relationship between the characteristic engine performance (i.e. 
brake horsepower, torque and specific consumption) and the percentage of 
biodiesel in fuel blends; 
(d) To determine the relationship between pollutant concentrations (i.e. NOx, SO2, 
THC, CO and CO2) in a diesel engine exhaust and the percentage of biodiesel in 
fuel blends; and 
(e)  To evaluate the differences in performances and exhaust emissions between 
different biodiesel feedstock under study (i.e. soybean oil, canola oil, sunflower oil, 
safflower oil, peanut oil, and chicken fat). 
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2. LITERATURE REVIEW 
 
In order to evaluate biodiesel effects on engine performance and emissions, one 
has to understand the science that encompasses it. Biodiesel, in itself, is already a 
complex entity in which every biodiesel feedstock has its own characteristics that can 
evidently influence the production cost, engine performance, and exhaust emissions. 
Hence, the next few sections are devoted to provide a background and related studies 
associated with biodiesel characteristics (i.e. feedstock, fuel properties, standards, 
regulations, etc.), engine performance, and exhaust emissions.   
 
2.1 Background on Biodiesel 
Biodiesel is defined as mono-alkyl esters of long chain fatty acids made through 
a chemical process called transesterification whereby the glycerin is separated from the 
animal fat or vegetable oil. The process leaves behind two products - methyl esters 
(biodiesel) and glycerin, which is a valuable byproduct usually sold to be used in soaps 
and other cosmetic products.  
There are three basic routes to ester production from oils and fats. These are: (1) 
Base catalyzed transesterification of the oil with alcohol; (2) Direct acid catalyzed 
esterification of the oil with methanol; and (3) Conversion of the oil to fatty acids, and 
then to alkyl esters with acid catalysis. However, majority of the alkyl esters produced 
today are done with base catalyzed reaction due to its high conversion rates (98%) with 
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minimal side reactions and reaction time. Conversion to methyl esters using base 
catalyzed reaction also makes the process straightforward with no intermediate steps.  
 
2.1.1. Biodiesel vs. Petroleum Diesel 
When comparing various petroleum fuel alternatives, the single most important 
factor would be that the alternative has to be a significantly better option to these fossil-
based fuels. Although petroleum diesel has been in use for many years, it may no longer 
be an efficient resource due to its negative impacts on the environment.  
Biodiesel has already proven itself to be a viable resource (EPA, 2002; NBB, 
2008b). Unlike regular diesel which is derived from petroleum, biodiesel comes from 
natural resources such as animal fat or various vegetable oils. Biodiesel can be used in 
an engine that runs on regular diesel. Biodiesel is free of sulfur, such that it does not 
contain the typical aerosols derived from sulfuric acid that forms in the exhaust system 
when diesel fuel is used (Munoz et al., 2004). Moreover, biodiesel appears to reduce 
particulate emissions and volatile organic compounds without significantly reducing 
horsepower, gas mileage or engine durability. (Shapouri and Duffield, 1993) 
In addition to these ecological benefits, the CO2 balance of biodiesel is positive. 
Biodiesel is a bio-based fuel that will provide yet another market for agricultural 
commodities. It is because of these advantages that biodiesel is again being evaluated for 
use as a fuel for modern diesel engines (Schumacher et al., 2001).  
However, the use of biodiesel has its drawbacks. According to Quinn (2009), 
problems associated with biodiesel results from the presence of moisture in the fuel. A 
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problem associated with moisture in the fuel is that it reduces the power given to the 
engine and causes it to have a harder starting up time. Water also causes serious 
corrosion in certain components like water pumps and fuel lines. If the water freezes 
inside the fuel lines then that could pose a significant problem as well. Additionally, 
having a heated tank does not help much either since it may cause microbial production.  
Despite these drawbacks, there is still a strong demand for biodiesel fuels to be 
used in diesel engines. Such factors like stricter government policies, advancements in 
agriculture, and increasing petroleum diesel prices could make biodiesel production 
continue to grow in the years to come (EIA, 2009a).  
 
2.1.2. Biodiesel Feedstock 
There are numerous studies on soybean oil as a biodiesel feedstock due to its 
availability in the market (Altin et al., 2000; Canakci and Van Gerpen, 2003; Dorado et 
al., 2002; Grabowski and McCormick, 1998; Hansen et al., 2006; McDonald et al., 1995; 
Pradhan et al., 2008; Schumacher et al., 1992; Schumacher et al., 2001). However, as 
described earlier, soybean oil alone cannot handle the demand on biofuel production, 
hence, other feedstock may have to be discovered and identified.  
A variety of oils and fats can be used to produce biodiesel. While soybean is the 
most common biodiesel feedstock in the U.S., rapeseed oil on the other hand, is the 
preferred oil stock for biodiesel production in most of Europe. This is partly because of 
the high level of development of rapeseed production in Europe. Rapeseed is said to 
produce more oil per unit of land area compared to other oil sources. There is however a 
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concern over the use of rapeseed as biodiesel since it emits nitrous oxide (N2O), which is 
a potent greenhouse gas and air pollutant, during its crop production stages. Considered 
over a 100 year period, N2O has 296 times higher global warming potential than CO2. It 
has been estimated that 3% to 5% of the nitrogen fertilizer used to grow rapeseed is 
converted to N2O (Lewis, 2007). 
Other feedstocks, such as safflower, peanut and sunflower oils, and animal fats 
are recently being studied as potential feedstocks for biodiesel production. Safflower oil 
is used mainly as cooking oil, in salad dressing, and for the production of margarine. In a 
study conducted by Meka et al. (2007) on the synthesis of biodiesel from safflower oils, 
they indicated that safflower oil contains 75-80% linoleic acid such that the presence of 
this unsaturated acid is useful in improving low temperature fuel properties like pour 
point, cloud point, and cold filter plugging point. In their study, they investigated the 
effects of temperature, molar ratio (oil to alcohol), and concentration of catalyst on 
synthesis of biodiesel fuel using safflower oil.  Results indicated that the better suitable 
conditions for biodiesel synthesis are of 1:6 molar ratio (oil to alcohol), 60° C 
temperature, and catalyst concentration of 2% (by wt. of oil).  
Peanut oil is also a suitable feedstock for biodiesel production, but there is very 
little published information regarding peanut oil biodiesel. Recently, there are studies 
being conducted in the University of Georgia wherein researchers are trying to develop 
non-edible peanuts that are high in oil, and could be grown specifically for biodiesel 
production. These new strains are higher in oil content than currently grown varieties 
and would not compete with peanuts grown for food and commercial cooking oil 
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products. According to Roberson (2006), food-grade peanut oil produces approximately 
123 gallons of biodiesel per acre, compared to 50 gallons for soybean oil. The problem 
with peanut oil is that it is much more valuable in the world market for food use, hence, 
making its conversion into biodiesel more economically impractical.  
Similar to peanut oil biodiesel, research on sunflower oils made into esters were 
very limited (Kaufman and Ziejewski, 1984; Moreno et al., 1999; Munoz et al., 2004). 
The U.S. ranked 6
th
 in the world in producing sunflower seeds; exporting to countries 
such as Russia, Mexico and most of Europe. According to the 2008 USDA data on crop 
production, the U.S. sunflower production totaled 3.42 billion pounds, which is up more 
than 19% from 2007 and up by nearly 60% from the 2006 crop size. Production of oil-
type sunflower seeds, at 2.99 billion pounds, was up nearly 21% from 2007’s 2.48 
billion pounds. Yields averaged 1,452 pounds, about on par with 2007 levels. These 
improvements in crop production makes sunflower oil a viable contender for biodiesel 
production.  
Some researchers have also turned to chicken fat as it is a less-expensive 
substitute for soybean oil. However, raw chicken fat have high presence of free fatty 
acids. Fatty acids create problems in the transesterification process because they tend to 
form soaps as a by-product. These soaps increase the formation of gels, which make it 
more difficult to produce high yield and good quality biodiesel fuels out of chicken fat. 
Moreover, information regarding this type of feedstock is rather limited at this time. 
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2.1.3. Biodiesel Standards 
In order to ensure proper performance of a diesel engine, biodiesel has to meet 
strict industry specifications. The ASTM 6751, developed by the American Society for 
Testing and Materials (ASTM) International, specifies various test methods to be used in 
the determination of certain properties for biodiesel blends. For biodiesel producers to 
sell their biodiesel commercially, they must meet such standards. A summary table of 
the standard is shown in Table 1. Some of the tests mentioned include flash point, 
kinematic viscosity, cetane number, cloud point, oxidation stability, and acid number.  
 
Table 1. Summary of biodiesel testing standard ASTM D 6751. (ASTM, 2008) 
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2.2 Engine Performance 
One of the major benefits of using biodiesel fuels is the fact that it can be used in 
existing diesel engines. In spite of this, variation in biodiesel feedstock, which leads to 
variation in fuel properties, could give differences in an engine’s performance (Hansen 
et al., 2006; Kaufman and Ziejewski, 1984; Moser et al., 1989; Powell, 2007; 
Sureshkumar et al., 2008). Hence, the next sections would provide more background on 
biodiesel effects on some of the engine operating characteristics such as net brake 
power, torque and brake specific fuel consumption.  
 
2.2.1. Net Brake Power and Torque 
The net brake power, as defined by the Society of Automotive Engineers (SAE, 
2008),  is a measure of the engine’s horsepower delivered directly to the engine’s 
crankshaft without the loss in power caused by the accessories such as the gearbox, 
alternator, differential, water pump, and other auxiliary components such as power 
steering pump, muffled exhaust system, etc. Equation 1 shows the relationship between 
net brake power versus speed and torque.  
      (1) 
Where  is the net brake power, kW  
N is the engine speed, rpm 
τ  is the Torque, N-m 
The general behavior of an engine’s brake power is to gradually increase to a 
maximum and then decreases rapidly at an increasing engine speed. This trend is based 
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on the fact that friction increases with engine speed to a higher power and becomes 
dominant that it decreases the power at higher speeds. 
The net brake power in unmodified diesel engines varies in the literature. Several 
studies reported that there was a 5% to 10% decrease in engine power when fueling a 
diesel engine with 100% soybean biodiesel (McDonald et al., 1995; Monyem, 1998; 
Peterson and Reece, 1996; Schumacher, et al., 2001). With the case of Sureshkumar, et 
al. (2008), where they use Pongamia pinnata biodiesel, a native oil tree from India, it 
showed comparable results to petroleum diesel when blends of up to B40 (40% biodiesel 
and 60% petroleum diesel) were used.   
According to Moreno et al. (1999), wherein they fueled a four-cylinder, indirect 
injected, Isuzu engine with sunflower oil biodiesel, mixtures of 25, 50 and 75% 
sunflower methyl esters would produce unnoticeable power loss in comparison with 
diesel fuel. There is even a slight gain which in the case of the mixture of 25% of 
sunflower biodiesel reaches approximately 3%. They have attributed the power gain on 
the improvement of fuel spraying in the injectors. Fuel properties such as viscosity and 
density of the mixture adapted better to the design of the nozzles and needles of the 
injectors, which facilitates the homogeneity of the fuel with air, and thus improves the 
combustion process.  
Ziejewski and Kaufman (1983), Schumacher et al., (1992), Reece and Peterson 
(1993), and Marshall (1993) observed reductions in power when using biodiesel ranging 
from one to seven percent. Schumacher (1992) observed increased power (three percent) 
using a 1991 Cummins 5.9L DI turbocharged engine. Increased power was observed by 
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Feldman and Peterson (1992) during a 200 hour EMA test using a 3 cylinder, DI, 
naturally aspirated diesel engine with the injection timing advanced two degrees. 
Torque, on the other hand, is a good indicator of an engine’s ability to do work. It 
is defined as force acting at a moment distance and has units of N-m or lbf-ft. Torque, τ, 
is related to work by equation 2.  
     (2) 
Where Wb is the brake work of one revolution 
The point of maximum torque is called maximum brake torque speed (MBT). 
Large engines often have very high torque values with MBT at relatively low speed. 
Both torque and power are functions of engine speed. At low speed, torque increases as 
engine speed increases. As engine speed increases further, torque reaches a maximum 
and then decreases. Torque decreases because the engine is unable to ingest a full charge 
of air at higher speeds (Pulkrabek, 2004).    
 
2.2.2. Brake-specific Fuel Consumption 
Brake specific fuel consumption (BSFC) is a measure of fuel efficiency within 
the crankshaft of an internal combustion engine (Pulkrabek, 2004). BSFC is defined in 
equation 3.  
     (3) 
Where   is the rate of fuel consumption of the engine, g/h 
    is the net brake power, kW 
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In relating it with engine speed, BSFC decreases as engine speed increases. It 
would reach a minimum, and then increases at high speeds. Fuel consumption increases 
at high speed because of greater friction losses. At low engine speeds, the longer time 
per cycle allows more heat loss and eventually fuel consumption goes up.  
According to Pulkrabek (2004), brake specific fuel consumption generally 
decreases with engine size, being best (lowest) for very large engines. One reason for 
this is that large engines have less heat loss due to the higher volume-to-surface-area 
ratio of its combustion chamber. Also, larger engines operate at lower speeds which 
reduce friction losses.  
With regards to comparing biodiesel with petroleum diesel in terms of BSFC, Ali 
(1995) tested beef tallow methyl ester and found that there was a 12% to 14% increase in 
the brake specific fuel consumption when 100% biodiesel was used. Mittelbach and 
Tritthart (1988) prepared methyl esters from used frying oil and found higher fuel 
consumption for the ester when compared with standard no. 2 diesel fuel. Other 
researchers such as Monyem (1998a) and McDonald, et al. (1995), fueled diesel engines 
with soybean oil methyl ester and standard no. 2 diesel fuel and obtained similar trends.  
Moreno et al. (1999) investigated the effects of the percentage of sunflower oil 
biodiesel in fuel blends on the BSFC. Their findings revealed that an increase in the 
percentage of biodiesel in a blend would lead to an increase in BSFC. The highest 
difference they obtained was about 12%. The higher fuel consumption of biodiesel is 
being attributed to its low heating value, wherein the engine needs more biodiesel to 
burn in order to produce power comparable to petroleum diesel. 
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2.3 Exhaust Emissions 
Investigations on Environmental Protection Agency regulated exhaust emissions, 
such as NOx, total hydrocarbons (THC), CO, CO2, and SO2 were already being held 
using different kinds of biodiesel feedstock (Hansen, et al., 2006; McDonald, et al., 
1995; Monyem, et al., 1998; Powell, 2007; Schumacher, et al., 2001b; Tat and Van 
Gerpen, 2003). Biodiesel fuels, regardless of feedstock used, have been observed to 
reduce most engine exhaust pollutant emissions except for the oxides of nitrogen (NOx) 
wherein it shows higher emissions relative to petroleum diesel.  
Nitrogen oxides (NOx) collectively refer to both NO and NO2. Fundamentally, 
there are four basic mechanisms that contribute to NOx formation: thermal (Zeldovich), 
prompt, N2O, and fuel-bound nitrogen mechanisms (Annamalai and Puri, 2007). The 
commonly accepted dominant mechanism for fuel-lean and stoichiometric mixtures is 
thermal dissociation of atmospheric nitrogen; as proposed by Zeldovich, and extended to 
include combustion-generated hydroxyl radicals (Bowman, 1975). Oxygen concentration 
and flame temperature influence the NO formation rate (Peterson and Reece, 1996; 
Stone, 1992). 
The increase in NOx emissions of biodiesel-fueled diesel engines has long been 
an issue since the fuel was considered as an alternative to petroleum diesel. In Munoz, et 
al. (2004), the NOx emissions were higher by about 13% for sunflower methyl ester than 
those for diesel fuel. Mittelbach and Tritthart (1988) run an engine using methyl esters 
from used frying oil and measured slightly lower HC, CO, and particulate emissions but 
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increased NOx values. Moreover, according to Munoz et al.(2004) and Grabowski and 
McCormick (1998), the NOx emissions of a diesel engine depends on the engine 
operation conditions of speed and load as well. Nitrogen oxide emissions tend to 
increase with reduced engine speed.  
 According to Stone (1992), hydrocarbon emissions are mostly as a result of 
flame quenching in an internal combustion engine. There is a narrow quench zone near 
the cooled cylinder walls that makes the flame go out and the hydrocarbons are not 
burned. Similar to unburned hydrocarbons, carbon monoxide is produced from partially 
combusted fuel. Because of this, unburned hydrocarbons and CO are typically very high 
on cold start due to colder engine parts quenching the flame and preventing complete 
combustion. Biodiesel will reduce both unburned hydrocarbons and CO compared to 
diesel in the same engine, under the same conditions (Peterson and Reece, 1996). An 
emissions study by Munoz et al (2004), however, indicated that improvement in the 
hydrocarbon emissions is less when the load goes higher. 
Oxygenated biofuels have been proven to significantly reduce particulate 
emissions by providing an increased number of sites for carbon soot oxidation (Luo et 
al., 1989). Moreover, these oxygenated components can modify the ignition delay period 
of the combustion by ways not detected with the cetane number. Ignition delay can be a 
function of both the cetane number and the fuel spray properties (Grabowski and 
McCormick, 1998).  
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3. METHODOLOGY 
 
All of the experiments were conducted at the Bio-Energy Testing and Analysis 
Laboratory (BETA Lab) of the Biological and Agricultural Engineering Department at 
Texas A&M University. Figure 3 shows the overview of the processes involved in the 
experiments. Each process is discussed in more detail in the next sections.  
 
 
Figure 3. Overview of the processes involved in the study. 
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3.1. Preparation of Vegetable Oils 
3.1.1. Extraction of Oils 
Oil extraction of locally supplied sunflower, peanuts, and safflower seeds 
(Producer’s Cooperative, Bryan, TX), were performed in two ways – mechanical and 
solvent. Both methods were conducted at the BETA Lab. The facility has a small 
mechanical oil seed press with a rated capacity of 5-8 kg/hr. The oil seed press has 
extruder diameters ranging from 4.3 mm to 6.2 mm.  
Oil extraction was necessary for the said feedstock since biodiesel made out of 
these feedstock were not readily available in market. Each feedstock was tested with 
different extruder diameters (i.e. 4.28mm, 5.33 mm, and 6.20 mm) at 140°C. For each 
test, one kilogram of the sample feedstock was placed in the hopper of the seed press. 
The starting and end times for mechanical extraction were noted. The weights of the 
extracted oil and meal were also recorded. The percent oil extracted was calculated using 
the formula shown in equation 4.  
  (4) 
Three tests were performed for each feedstock and the averages were determined. 
The extracted oils were then filtered using a 25 µm filter membrane and prepared for the 
refining process. 
The relationship between percent oil extracted and seed press operating 
temperature was also developed using shelled peanuts and an extruder diameter of 5.33 
mm. Four operating temperatures were chosen at 25° C, 50° C, 100° C, and 140° C.  
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A solvent extraction set-up was also established for comparison. The solvent 
used for this study was hexane. Hexane is often used for vegetable oil extraction mainly 
due to its efficiency and ease of recovery (Akaranta and Anusiem, 1996; Mani et al., 
2004). The oil seed press is expected to recover 75% of the oil from the raw materials, 
while solvent extraction can reach up to 99% oil recovery. The seeds were first ground 
and weighed with 15 ± 1 g per sample. These samples were then placed inside the 
cellulose extraction thimbles. The top of each thimble was covered with glass wool, to 
prevent the sample from floating. A pre-dried flat-bottom extraction flask was weighed 
and recorded. The oils were extracted with 100 mL of hexane at its boiling point of 69° 
C for 8 hours in a soxhlet extractor using a heating mantle. The solvent with extracted oil 
was then cooled. The solvent was removed from the extract through a rotary evaporator 
at 40°C under reduced pressure (vacuum) of 350 mbar. The final weight of the flask with 
the extracted oil was determined and recorded. The amount of oil recovered and its 
percentage in the original sample was calculated and given in equations 5 and 6. 
 (5) 
   (6)
 
Three tests were performed for each feedstock and the averages were determined. 
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3.1.2. Vegetable Oil Refining 
The following refining processes were conducted on safflower, sunflower, and 
peanut oils. Refining procedures that were common on the three feedstocks were 
degumming, neutralization, dewaxing, and bleaching.  
 
3.1.2.1. Degumming and Neutralization 
The extracted oils were heated at 60-70 °C (140-158
o 
F) and de-ionized water 
(2% of the weight of the oil) was added. The degumming process was enhanced by the 
addition of phosphoric acid (2% of the weight of the oil). The mixture was agitated for 
60 minutes, maintaining a temperature range of 60-70
o
C (140-158
o
F). Then, the 
hydrated gums were removed by centrifugation. For neutralization, the oil was mixed 
with sodium hydroxide (NaOH) aqueous solution. The amount of NaOH used is based 
on the free fatty acid content of the sunflower oil. A contact time of 30 minutes was 
permitted for the formation of soaps. The mixture was then separated using 
centrifugation. The neutralized oil was washed twice with de-ionized water to ensure the 
removal of all traces of soap. Oil-water separation was performed using the centrifuge. 
 
3.1.2.2. Dewaxing and Bleaching 
The washed neutralized oil was mixed with NaOH aqueous solution (5% of the 
weight of oil) and de-ionized water (5% of the weight of oil) in covered flasks and 
placed in a chiller that was set at 5
o
C. The mixture was agitated for 4 hours. The soapy 
water wets the waxes which moved from oil to the water phase. The wax was then 
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removed by centrifugation. Finally, the dewaxed oil was heated to 100
o
C under constant 
agitation. Fuller’s earth (activated clay) was added (10% by weight of the oil). Agitation 
was continued for 30 minutes. The oil was separated from the clay, while its hot, using a 
centrifuge.  
 
3.2. ASTM Characterization of Biodiesel Fuels  
ASTM characterization of the biodiesel was done to ensure that the test fuel used 
in the study conforms to the ASTM D6751-08 standard (ASTM, 2008). Some of the 
referenced procedures in the ASTM 6751 standard were conducted in the BETA lab. 
Such procedures were: cloud and pour point (ASTM D2500), flash point (ASTM D93), 
water and sediment (ASTM D2709), kinematic viscosity (ASTM D445), acid number 
(ASTM D664) and gross heating value (ASTM D4809). 
 
3.2.1. Test Fuels 
There were a total of six (6) biodiesel test fuels and a reference diesel fuel used 
for this research. Test fuels such as soybean oil biodiesel (SME), canola oil biodiesel 
(RME), chicken fat biodiesel (CFME) and ultra low-sulfur diesel, ULSD, reference fuel 
(REFDIESEL) were bought from commercial producers (New Energy Fuels, Waller, 
TX; Gulf Hydrocarbon, Inc., Houston, TX; Producer’s Cooperative, Bryan, TX). Other 
test fuels such as sunflower oil biodiesel (SFME), peanut oil biodiesel (PME), and 
safflower oil biodiesel (SaffME) were prepared from the previously extracted and 
refined oils at the BETA Lab. Conventional biodiesel reaction conditions were followed 
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(reaction time, 1 h; weight of catalyst, 0.4% wt. of initial oil weight; vol. of methanol, 
15% vol. of oil; reaction temperature: 50° C). The test fuels were analyzed to determine 
if they meet ASTM 6751-07 standard. Fuels and fuel blends are as follows: 
A. ULSD standard no. 2 reference fuel (REFDIESEL) 
B. Soybean oil biodiesel (B5 SME, B20 SME, B50 SME, B100 SME) 
C. Canola oil biodiesel (B5 RME, B20 RME, B50 RME, B100 RME)  
D. Chicken fat biodiesel (B5 CFME, B20 CFME, B50 CFME, B100 CFME)  
E. Sunflower oil biodiesel (B5 SFME, B20 SFME, B100 SFME) 
F. Peanut oil biodiesel (B5 PME, B20 PME, B50 PME, B100 PME) 
G. Safflower oil biodiesel (B100 SaffME) 
 
3.3. Engine Performance and Exhaust Emissions Testing 
Engine performance and exhaust emissions testing were conducted at the BETA 
Lab engine testing facility. Instrumentation needed to measure some of the EPA 
regulated emissions, such as CO, CO2, NOx, THC, and SO2 were in place. 
 
3.3.1. Test Equipment 
The BETA lab uses two (2) test engines with their own respective test beds and 
dynamometer set-ups. One of the test engines was a 3-cylinder Yanmar 3009D diesel 
engine rated at 14.2 kW (Figure 4). Table 2 lists the general specifications of the small 
and large test engine. The engine load was controlled by a water-cooled eddy current 
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absorption dynamometer with a Dynamatic
®
 EC 2000 controller. The maximum braking 
power of the dynamometer was rated at 22.4 kW (30 hp) at 6000 rpm. 
 
Table 2. General specifications for Yanmar 3009D and JD 4045DF150 diesel engines 
used. 
 
Specification Yanmar 3009D JD 4045DF150  
Rated Power 14.2 kW (19hp) @ 3000 rpm 60 kW (80hp) @ 2700 rpm  
Number of Cylinders 3 4  
Bore 72 mm 106 mm  
Stroke 72 mm 127 mm  
Displacement 0.879 L 4.5 L  
Compression Ratio 
Combustion system 
Aspiration 
22.6:1 
Indirect injection 
Natural 
17.6:1 
Direct Injection 
Natural 
 
 
The large test engine used in the study, shown in Figure 5, was an in-line, 4-
cylinder, 4.5 L, four stroke, naturally aspirated John Deere diesel engine. It was 
connected to a 450 HP water-cooled eddy current inductor dynamometer (Pohl 
Associates Inc., Hatfield, PA). The engine’s rated power was at 80 HP with rated speed 
of 2500 rpm. The engine’s general specifications were listed in Table 2. The engine load 
and throttle were controlled by a multi-loop Inter-Loc V dynamometer and throttle 
controller (Dyne Systems Inc., Jackson, WI). 
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Figure 4. The dynamometer test system showing (A) 14.2 kW diesel engine, and (B) the 
dynamometer. 
 
3.3.2. Instrumentation and Data Acquisition Equipment  
Figure 6 shows the schematics of the data acquisition system for the Yanmar 
3009D and JD 4045DF150 diesel engines. Instrumentation includes measurement of test 
cell ambient conditions (barometric pressure, temperature, and humidity), engine speed 
and torque, fuel flow rates, engine manifold pressures and temperatures, and engine 
exhaust gaseous emissions measurements. Fuel flow was measured with an AW positive 
displacement gear type flow meter with 50% ± 1% duty cycle. Manifold pressure 
measurements were taken by strain gauge pressure transducers positioned in the exhaust 
and intake manifolds. Temperature measurements were measured with shielded type-K 
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thermocouples at roughly the same aforementioned locations as pressure. Engine brake 
torque and speed were acquired from the dynamometer. 
 
 
Figure 5. JD 4045DF150 diesel engine used for performance and emissions testing. 
 
National Instruments (NI) data acquisition equipment (DAQ) was installed in 
different parts of the test engines and the test cell. A fiber optic cable connects the 
remote computer to the NI PCI-7831R FPGA module. Thermocouples and pressure 
transducers were connected to the SCXI 1320 and SCXI 1326 signal conditioning units. 
Torque and engine speed data are collected using a NI Labview program developed for 
this research. Exhaust emissions, such as CO, NOx, and SO2 were measured with  
  
2
9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Schematics of the data acquisition system for the Yanmar 3009D and JD 4045DF150 diesel engines. 
 
 
Yanmar 3009D / 
JD 4045DF150  
Engine 
30 HP / 450 HP  
Eddy-Current Dynamometer 
Torque and Speed 
Feedback 
EC Dynamometer 
PAU 
Inter-Loc V 
Dynamometer and 
Throttle Control 
Remote Computer 
(Automation) 
NI LabView Program 
ENERCOM 2000 
Enerac 3000E Exhaust 
Gas Analyzer 
NI I/O Interface 
NI SCXI 1320, SCXI 1326 
Signal Conditioning Units 
Data Acquisition 
DSI EC-2000 
Dynamometer Control 
Fiber optic link 
Driveline 
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electrochemical SEM sensors, while CO2 and total hydrocarbons (THC) were measured 
with NDIR sensors, all assembled in an Enerac™ model 3000E emissions analyzer. 
The emissions analyzer has a capability of measuring 0 to 3500 ppm NOx 
concentrations, 0 to 2000 ppm CO and SO2 concentrations, with an accuracy of ± 2% of 
reading; 0 to 5% by volume total hydrocarbon concentrations, and 0 to 20% CO2 
concentrations with an accuracy of ± 5% of reading. In addition, it also measures the 
ambient temperature, stack temperature, stack velocity, and test cell O2 concentrations. 
 
3.3.3. Experimental Method 
Engine power tests are conducted in accordance with SAE Standard Engine 
Power Test Code for diesel engines (SAE J1349 Revised MAR2008). Baseline engine 
performance and emissions tests are performed using ULSD reference diesel fuel. 
Engine performance data for ULSD reference diesel were corrected to the standard 
atmospheric conditions given below.  
Compression ignition engine correction formulas as shown (equations 7-13) 
according to SAE J 1349 – MARCH2008: 
    (7) 
Where: Bpc is the corrected brake power 
 CA is the Atmospheric Correction Factor,    (8) 
         (9) 
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Engine Factor, Fm = 0.2 for (Q/R) < 37.5; R= 1, α=1.0, β=0.7 (for naturally 
aspirated) 
    (10) 
Where: Fo is the observed fuel flow, g/s 
   D is the engine displacement, L 
   N is the observed engine speed, min
-1
 
CF is the Fuel Correction Factor,      (11) 
          (12)   
          
      (13) 
Where: SGr is the reference fuel density at 15° C = 0.850 kg/L 
SGo is the observed fuel density at 15° C 
Fv is the fuel viscosity factor 
S = 0.15 (for pump/line/nozzle systems) 
Vo is the observed fuel viscosity at 40° C 
Vr is the reference fuel viscosity at 40° C = 2.6 mm
2
/s  
Also, the corrected fuel flow, Fc, used for the purpose of determining specific 
fuel consumption, is given by equation 14.  
     (14) 
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Variables such as air and relative humidity are carefully monitored. Fuel 
temperature is controlled as outlined in the test procedure. Tests were conducted in a 
randomized complete block design (RCBD) to prove that the fuel sequence is not 
significant to the results of the study. There are two engines (block), six feedstocks 
(block), five levels of fuel blends (treatments) and 3 replicates of tests (block). Response 
variables were the following: net brake power (kW), torque (N-m), fuel consumption 
(L/h), NOx concentrations (ppm), unburned hydrocarbon concentrations (ppm), CO 
concentrations (ppm), CO2 concentrations (%), and SO2 concentrations (ppm). The 
experimental design lay-out is summarized in Table C.1 of Appendix C.  
The BETA lab is equipped with a NI Labview program that can perform remote-
based switching of fuel source. This provides changing of test fuels without turning off 
the engine. At each fuel change, the fuel filter is replaced and then the engine is warmed 
at idle speed on the new fuel for 15 minutes to purge remaining previous test fuel from 
the engine’s fuel system.  Then, the engine is operated at full throttle and prepared for 
the next performance testing. Also, a new set of sintered filters for the exhaust emissions 
analyzer was installed prior to the next emissions testing. 
The important sources of uncertainty in this study are: (1) supply of consistent 
quality of fuel, (2) proper control over relevant engine parameters (e.g. speed and load), 
and (3) proper use and calibration of the measurement instruments. To minimize the first 
source of uncertainty, test fuels were processed in such a way that it will match up 
ASTM 6751 standard. Fresh batch of biodiesel was used to ensure consistency of the 
fuel quality in the experiment. The uncertainty associated with the second source was 
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minimized by depending on the proper control and use of engine instrumentation and 
controller equipment. Parameters, such as engine speed, fuel flow rate, and load 
accuracy were matched to within ±5 RPM, ±1% of the reading, and ±0.05% of the rated 
output, respectively. Finally, the uncertainty associated with the third source was 
minimized by calibrating emissions equipment each day prior to start of testing, and all 
other instruments (pressure transducers, thermocouples, flow rate meters, etc) on routine 
basis. 
In order to understand the effect of the biodiesel on engine combustion 
efficiency, the brake specific fuel consumptions (BSFC) for the test fuels and each fuel 
blend were measured at peak torque condition. This condition was chosen since it is the 
point of minimum air/fuel ratio and maximum smoke (Canakci and Van Gerpen, 2003). 
Results were compared to those of the control fuel using statistical analysis procedures 
(ANOVA and LSD).  
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4. RESULTS, ANALYSES, AND DISCUSSIONS 
 
4.1. Oil Extraction  
Extraction of oils for some of the test fuels (i.e. sunflower, safflower, and peanut) 
were performed by two means – mechanical and solvent. Oil seed pressing of Peredovik 
type sunflower (Helianthus annuus) seeds, wildlife shelled peanuts (Arachis hypogaea), 
and wild delight safflower (Carthamus tinctorius L.) seeds were performed using a small 
(5-8 kg/hr) mechanical oil seed press. Three sets of tests were performed on each 
feedstock at different extruder diameters and the averages were determined. These 
averages were presented in Figure 7. Based on the graph, the recovered oil from 
sunflower seeds using extruder diameter of 5.33 mm were at 34%, while 37% for shelled 
peanuts, and 31% from safflower seeds.  
 
Figure 7. Relationship between percent oil extracted and extruder sizes of the three oil 
seeds (peanut, sunflower, and safflower). 
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It is important to know that the percent oil recovered was at its highest using 
extruder #4 with a diameter of 4.28mm. However, it also obtained the longest extraction 
duration with an average of 30 minutes compared to 25 minutes using extruder #5.   
 The relationship between percent oil extracted and seed press operating 
temperature was also developed using shelled peanuts and an extruder diameter of 5.33 
mm (Figure 8). Four operating temperatures were chosen (25° C, 50° C, 100° C, and 
140° C). Results showed that as the operating temperature is increased, the percent oil 
extracted also increased. Thirty-five percent (35%) oil was extracted using operating 
temperatures between 25° C and 100° C and 2% increase was observed between  
 
 
Figure 8.  Relationship between Temperature (°C), % Oil Extraction and duration of 
extraction (min) using extruder # 5 (5.33mm dia) on shelled peanuts. 
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temperatures 100° C and 140° C. At the same time, extraction duration increases as the 
extraction temperature is increased. The optimum percent oil extracted of 37% was 
obtained at 140 °C for 25 minutes.      
Extraction using soxhlet procedures was conducted using hexane as solvent. The 
average oil extracted from sunflower seeds was at the highest with 51%, followed by 
shelled peanuts with 46%, and 39% from safflower seeds. There is about 8% to 16% 
difference in percent oil extracted from solvent and mechanical extractions. Solvent 
extraction definitely extracts more oil from the seeds but requires more time for 
extraction compared to mechanical means. 
 
4.2. Vegetable Oil Refining 
Refining of the previously extracted oils (sunflower, peanut, and safflower) was 
performed. The refining processes involved were degumming, neutralization, dewaxing, 
and bleaching. As shown in Figure 9, about 68% of the crude sunflower oil was 
converted into refined oil. The rest of the percentage was subdivided by the different by-
products of each step in the refining process (i.e. 4% gum, 6% soap, 13% wax, and 9% 
oxidation products). Moreover, 54% of the crude peanut oil was converted into refined 
oil. The rest of the percentages were at 2% gum, 13% soap, 18% wax, and 13% 
oxidation products. As for the extracted safflower oil, 70% of it was converted into 
refined oil. This was about 2% and 16% higher conversion than refined sunflower and 
peanut oils.  
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The safflower oil has an acid value of 2.4 mg KOH/g, fairly lower than the 
peanut oil which has an acid value of 3.6 mg KOH/g. The sunflower oil has the lowest 
acid value among the three with 1.0 mg KOH/g. The acid value is a measure of how 
much free fatty acid (FFA) is composed in the oils. Therefore, the higher the acid value 
of the oil, the higher is its FFA composition. This explains why soap (by-product of 
neutralization) percentages were higher for peanut oil than safflower and sunflower oils.       
               
 
Figure 9. Breakdown of the percent composition of (a) safflower oil, (b) peanut oil, and  
(c) sunflower oil, all showing the by-products of the vegetable oil refining processes. 
 
(b) (a) 
(c) 
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4.3. ASTM Characterization of Biodiesel Fuels 
ASTM characterization of the biodiesel was done to ensure that the test fuels in 
the study conform to the ASTM D6751-07 standard. Table 3 enumerates the properties 
of the test fuels. As it was observed from the table, biodiesel made from sunflower and 
peanut oils did not meet the kinematic viscosity standard (sunflower = 6.3 mm
2
/s and 
peanut = 7.0 mm
2
/s) and may have to require some re-processing or an addition of a fuel 
additive that can lower its viscosity. Safflower biodiesel was observed to have a very 
high acid number with 0.68 mm KOH/g compared to the standard limit of 0.5 mm 
KOH/g. It may require more additional refining or neutralizing steps. The oxidation 
stability of chicken fat biodiesel is slightly higher than the minimum standard of 3 hrs. 
The heating values of all biodiesel studied were much lower than petroleum diesel by 
approximately 10%.  
 
Table 3. Test fuel characteristics as indicated by ASTM 6751 standard.  
Property Method Specification 
REF 
DIESEL2 
B100 
SME1 
B100 
RME2 
B100 
SFME2 
B100 
Saffme2 
B100 
PME2 
B100 
CFME3 
Flash Point, ° C D93 130 min. 128 199 171 192 197 190 131 
Water and 
Sediment, % vol 
D 2709 0.050 max. <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.05 < 0.05 
Kinematic 
Viscosity, 40° C, 
mm2/s 
D 445 1.9-6.0 2.3 4.7 4.8 6.3 5.5 7.0 4.7 
Sulfur, ppm D 5453 15 max Unknown 4 Unknown Unknown Unknown Unknown < 0.001 
Cetane Number D 613 47 min. Unknown 55 Unknown Unknown Unknown Unknown 48.2 
Cloud Point, ° C D 2500 Report -35 -6 -5 2 2 15 7 
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Table 3 continued. 
    
Property Method Specification 
REF 
DIESEL2 
B100 
SME1 
B100 
RME2 
B100 
SFME2 
B100 
Saffme2 
B100 
PME2 
B100 
CFME3 
Carbon Residue, 
% mass 
D 4530 0.050 max. Unknown 0.01 Unknown Unknown Unknown Unknown 0.02 
Acid Number, mg 
KOH/g 
D 664 0.50 max. 0.04 0.19 0.20 Unknown 0.68 0.13 0.14 
Distillation 
temperature, ° C 
D 1160 360 max. Unknown 329 Unknown Unknown Unknown Unknown 352 
Oxidation 
Stability, hours 
EN 
14112 
3 min. Unknown 7.2 Unknown Unknown Unknown Unknown 3.3 
Gross Heating 
Value, Btu/lb 
D 4809 Report 18,994 17,242 17,144 16,970 16,962 17,426  
1 Analyzed at AAA Chemicals, Shoreacres, TX except for gross heating value, which was analyzed at the BETA Lab 
2 Analyzed at the BETA Lab, Texas A&M University 
3 Analyzed at Precision Petroleum Labs, Inc., Houston, TX  
 
4.4. Engine Performance   
4.4.1. Small Engine  
The performances of the Yanmar 3009D test engine rated at 19 hp (14.2 kW) at 
full load (the fuel pump is at the maximum delivery setting) using test fuels, SME, RME, 
PME, and SFME and its blends were determined in accordance to SAE J1349 Power test 
code procedures. Except for SFME, all results presented in this research were obtained 
from the average of three blocks of performance tests for each test fuel. Baseline engine 
performance and emissions tests were performed using standard no. 2 ULSD fuel. 
Corrected values of the net brake power and brake-specific fuel consumption for ULSD, 
as described earlier, were also presented in the following sections.   
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4.4.1.1. Comparison between Fuel Blends 
Soybean Oil Biodiesel (SME). There was no noticeable power loss with the 
mixtures of 5, 20, and 50 % SME, in comparison with REFDIESEL. In fact, there is a 
slight gain, which in the case of B5 SME, it reaches approximately 1.3%. Figure 10 
shows the percentage SME content in a fuel blend in relation to the engine performance 
parameters (i.e. net brake power, kW; torque, N-m; BSFC, g/kW-h) being investigated. 
This improvement in net brake power gradually decreases as the percentage of SME 
increases. The least power gain of 0.2% was observed with B100 SME.  
Peak torque was measured from 46.9 N-m for B100 SME to 49.0 N-m for B50 
SME at a speed of 2650 rev/min. The highest variation in peak torque values between 
these fuels was approximately 4.4%. In comparing to REFDIESEL, B100 SME is 
slightly lower by 3.8%. 
The effect of the percentage of SME in a blend on the brake-specific fuel 
consumption at peak torque conditions was also shown in Figure 9. With the exception 
of B5 SME, from the figure it can be observed that the BSFC increases as the percentage 
of SME in the mixture increases. It was approximately 14% higher with neat SME than 
with pure diesel fuel. Monyem (1998b) and McDonald et al. (1995), obtained 13% to 
14% increase in BSFC when they fueled diesel engines with soybean oil biodiesel.  
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Figure 10. Relationship between engine performance parameters and percentage of 
soybean oil biodiesel in a fuel blend. 
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Canola Oil Biodiesel (RME). Figure 11 shows the relationship between 
maximum net brake power, maximum torque and brake-specific fuel consumption of the 
Yanmar 3009D test engine with percentage of canola oil biodiesel in a blend. There were 
no significant differences in peak net brake powers using different blends of canola oil 
biodiesel compared to REFDIESEL. At peak power speed conditions of 2750 rev/min, 
the highest net brake power was observed for B20 RME with 13.4 kW. This was about 
0.3% higher than REFDIESEL (13.3 kW). B100 RME obtained approximately the same 
net brake power with 13.3 kW.   
There is a slight decrease in peak torque among the RME mixtures compared to 
REFDIESEL. However, these variations were very small such that the highest variation 
in peak torque values between fuels and fuel blends was approximately 1.3%, therefore 
such changes may be considered insignificant. 
The BSFC of RME mixtures have the same trend as with the SME mixtures. The 
BSFC for RME increases as the percent of RME in the mixture increases. The maximum 
increase was observed with B100 RME with 10.2% higher BSFC than REFDIESEL. As 
for the other blends, the BSFC’s for B5 RME, B20 RME, and B50 RME were 4.3%, 
3.0%, and 4.6% higher than with the REFDIESEL.  
Peanut Oil Biodiesel (PME). B50 PME obtained the highest net brake power 
among the mixtures of PME-diesel fuels being tested (Figure 12). The observed peak 
power for B50 PME was 2.3% higher than the corrected peak power of pure diesel (13.8 
kW vs. 13.5 kW). Other blends such as B5, B20, and B100 have peak power values of 
13.5 kW, 13.5 kW, and 13.8 kW, respectively.   
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Figure 11. Relationship between engine performance parameters and percentage of 
canola oil biodiesel in a fuel blend. 
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Figure 12. Relationship between engine performance parameters and percentage of 
peanut oil biodiesel in a fuel blend. 
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There was a slight variation in peak torque values for PME-diesel blends 
compared to REFDIESEL. It is interesting to note that 5, 50, and 100% PME fuels have 
higher torque values than REFDIESEL. B20 PME obtained the least peak torque value 
with 47.37 N-m, while B50 PME obtained the highest with 49.9 N-m. 
Mixtures of 50% and 100% PME have higher observed readings of BSFC 
compared to REFDIESEL. B5 and B20 PME were 1.3% and 0.12% less BSFC than pure 
diesel fuel. REFDIESEL obtained a corrected brake-specific fuel consumption of 270.2 
g/kW-h. 
Sunflower Oil Biodiesel (SFME). Due to the limited amount of oil extracted 
from the sunflower seeds to make the sunflower oil biodiesel, data presented was 
obtained from one set of tests for mixtures of 5, 20, and 100% SFME with REFDIESEL. 
Figure 13 shows the engine performance parameters in relation to the different mixtures 
of SFME-diesel fuel. It is interesting to note that there is a slight decrease in power as 
the percentage of SFME in the mixture increases. The corrected net brake power of 
REFDIESEL was at 13.95 kW, which is 4.5% higher than the peak net brake power for 
B100 SFME with 13.3 kW. 
The peak torque values for different SFME blends decreased by as much as 2%. 
Peak torque was measured from 46.0 N-m for B5 SFME to 47.0 N-m for REFDIESEL at 
a speed of 2700 rev/min. Torque values for B20 SFME and B100 SFME were observed 
at 46.5 N-m and 46.4 N-m, respectively. 
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Figure 13. Relationship between engine performance parameters and percentage of 
sunflower oil biodiesel in a fuel blend. 
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The brake-specific fuel consumption at peak torque conditions was also 
determined. There was a noticeable loss in BSFC when B5 SFME and B20 SFME were 
used compared to REFDIESEL. However, the BSFC gained up to 6% when fueling with 
B100 SFME. In a study by Moreno et al. (1999), wherein they fueled a four-cylinder, 
turbocharged,  indirect injected Isuzu engine with 100% SFME, the BSFC increased at 
approximately 12% higher than with pure diesel fuel.  
 
4.4.1.2. Comparison between Biodiesel Feedstock 
As for the comparison between biodiesel feedstock, Figure 14 shows the 
performance curves for the diesel engine using standard no. 2 ULSD fuel 
(REFDIESEL), B100 SME, B100 RME, B100 PME, and B100 SFME, respectively. For 
REFDIESEL, the corrected peak brake power is at 13.5 kW (18.0 hp) at an engine speed 
of approximately 2940 rev/min. Similar results were obtained using B100 SME. The net 
brake power for B100 PME was 2% higher than REFDIESEL with 13.7 kW. Other test 
fuels (i.e. B100 RME and B100 SFME) are 1% lower than REFDIESEL with both fuels 
obtaining 13.3 kW.  
Figure 15 shows the plot of the brake-specific fuel consumption (BSFC) of 
different test fuels and reference fuel at different engine speeds. At peak torque 
conditions, all of the test fuels obtained higher BSFC’s compared to the reference fuel. 
B100 SME, B100 RME, B100 PME, and B100 SFME, are 14%, 10%, 9%, and 5% 
higher than REFDIESEL.  
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Figure 14. Net brake power (kW) versus engine speed of the 14.2 kW Yanmar 3009D 
diesel engine using ultra-low sulfur farm diesel and test biodiesel fuels. 
 
The Analysis of Variance (ANOVA) statistical technique was used to determine 
the variation in BSFC’s among the four test fuels (Table 4). Using α = 0.05, results 
indicated that there is a significant difference between the BSFC’s of the test fuels at 
peak torque conditions with a p-value of zero. Fisher’s least significant distance (LSD) 
method was then used to determine specifically which fuels were significantly different 
from one another. Table 5 shows the results of the statistical procedure. The results from 
Fisher’s LSD verified that REFDIESEL is significantly different from the biodiesel 
fuels. B100 SME and B100 SFME are in the same group, meaning the two test fuels will 
have the same averages of BSFC when the engine is loaded at peak torque conditions. 
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The other two test fuels, B100 RME and B100 PME, individually have their own BSFC 
range.   
 
Figure 15. Relationship between brake-specific fuel consumption (g/kW-h) and engine 
speed using test fuels B100 SME, B100 RME, B100 PME, and B100 SFME, and 
reference fuel REFDIESEL. Data were taken from the Yanmar engine described earlier. 
 
 
Table 4. Analysis of variance for the BSFC at peak torque conditions of the four test 
fuels.   
Source of Variation 
Sum of 
Squares 
Degrees of 
Freedom 
Mean 
Square 
F P-value 
Between Groups 5327.576 4 1331.894 179.152 <0 .001 
Within Groups 74.344 10 7.434   
Total 5401.920 14    
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Table 5. Results of the Fisher’s LSD statistical method on the BSFC of the four test fuels 
and reference diesel fuel. 
(I) FUEL 
  
(J) FUEL 
  
Mean Difference 
(I-J) 
Std. 
Error Sig. 95% Confidence Interval 
   Upper Bound Lower Bound 
REFDIESEL SME -38.30311(*) 2.22627 <0.001 -43.2636 -33.3427 
  RME -53.66400(*) 2.22627 <0.001 -58.6244 -48.7036 
  PME -19.03722(*) 2.22627 <0.001 -23.9977 -14.0768 
  SFME -41.30561(*) 2.22627 <0.001 -46.2661 -36.3452 
SME REFDIESEL 38.30311(*) 2.22627 <0.001 33.3427 43.2636 
  RME -15.36089(*) 2.22627 <0.001 -20.3213 -10.4004 
  PME 19.26589(*) 2.22627 <0.001 14.3054 24.2263 
  SFME -3.00250 2.22627 0.207 -7.9629 1.9579 
RME REFDIESEL 53.66400(*) 2.22627 <0.001 48.7036 58.6244 
  SME 15.36089(*) 2.22627 <0.001 10.4004 20.3213 
  PME 34.62678(*) 2.22627 <0.001 29.6663 39.5872 
  SFME 12.35839(*) 2.22627 <0.001 7.3979 17.3188 
PME REFDIESEL 19.03722(*) 2.22627 <0.001 14.0768 23.9977 
  SME -19.26589(*) 2.22627 <0.001 -24.2263 -14.3054 
  RME -34.62678(*) 2.22627 <0.001 -39.5872 -29.6663 
  SFME -22.26839(*) 2.22627 <0.001 -27.2288 -17.3079 
SFME REFDIESEL 41.30561(*) 2.22627 <0.001 36.3452 46.2661 
  SME 3.00250 2.22627 0.207 -1.9579 7.9629 
  RME -12.35839(*) 2.22627 <0.001 -17.3188 -7.3979 
  PME 22.26839(*) 2.22627 <0.001 17.3079 27.2288 
* The mean difference is significant at the .05 
 
4.4.2. Large Engine 
The performance curves of JD 4045DF150 diesel engine with power rating of 60 
kW (80 hp) were determined for SME, RME, PME, SaffME, SFME, and CFME test 
fuels. Only four (i.e. SME, RME, PME, and CFME) test fuels were tested for blends 
comparison due to the limitedness of the seeds from the other two test fuels (i.e. SaffME, 
SFME). However, we were able to conduct three tests for each test fuel. The results of 
the three replications were averaged and reported.  
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4.4.2.1. Comparison between Fuel Blends 
Soybean Oil Biodiesel (SME). There was a slight loss of power for B5 SME 
compared to REFDIESEL (Figure 16). B5 SME has l.2% less power than REFDIESEL 
(55.65kW). An improvement was then seen as the percentage of SME was increased to 
20% SME and 80% ULSD fuel. B20 SME obtained the highest peak power of 56.46 
kW, which was 1.46% higher than REFDIESEL. However, this improvement gradually 
diminishes as the percentage of SME in the blend was increased. A slight loss in power 
was observed for B100 SME with 54.6 kW. 
There was no noticeable change in maximum torque for all fuel blends of SME 
and standard no. 2 ULSD fuel. The highest variation of peak torque to REFDIESEL was 
observed with B20 SME. It was 1.8% higher than REFDIESEL.  
A general trend was observed for BSFC of SME and its blends. As the 
percentage of SME was increased in a blend, the BSFC also increases. Although B5 
SME and B20 SME obtained lower BSFC’s than REFDIESEL, with 1.2% and 2% lower 
BSFC, it was still considered insignificant differences. A 17.2% increase in BSFC was 
observed from B100 SME compared to REFDIESEL.     
 Canola Oil Biodiesel (RME). Figure 17 shows the effects of the percentage of 
RME in a mixture on net brake power, maximum torque and brake-specific fuel 
consumption of the JD 4045DF150 diesel test engine. B50 RME obtained the least peak 
power at 55.3 kW, while B20 RME obtained the highest peak power at 56.2 kW. 
Although there was slight differences in the peak net brake powers of the fuel blends, it  
 
52 
 
 
  
Figure 16. Relationship between engine performance parameters and percentage of 
soybean oil biodiesel in a fuel blend. Data were taken from JD 4045DF150 engine.  
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was still considered insignificant since there was only an approximately 2% difference 
between the fuel blends. 
Similar trends were seen in the peak torque values. B20 RME obtained the 
highest peak torque value with 295.0 N-m, while B50 RME obtained the least peak 
torque value with 291.4 N-m. Again, the differences are very minimal, therefore any 
differences were considered insignificant. 
The BSFC at peak torque conditions, on the other hand, have interesting results. 
All the test fuel obtained higher BSFC’s than REFDIESEL. The mixtures of 5, 20, 50, 
and 100% RME with pure diesel were 10%, 12%, 12%, and 9% higher BSFC’s 
compared to REFDIESEL. 
Peanut Oil Biodiesel (PME). The trend for the net brake power of PME was 
similar to the one with SME as shown in Figure 18. There was a slight loss of power for 
B5 PME compared to REFDIESEL. B5 PME has 0.81% less power than REFDIESEL 
(55.7 kW). An improvement was also observed as the percentage of PME was increased 
to 50% peanut oil biodiesel and 50% diesel fuel. B50 PME obtained the highest peak 
power of 55.9 kW, which was 1% higher than REFDIESEL (not significant). However, 
this improvement gradually disappears as the percentage of PME in the blend was 
increased to B100 PME. A slight loss in power was observed for B100 PME with 54.8 
kW. 
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Figure 17. The effects of the RME fuel percentage on engine performance parameters’ 
net brake power, torque, and brake-specific fuel consumption. 
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Figure 18. The effects of the peanut oil biodiesel fuel percentage on engine performance 
parameters’ net brake power, torque, and brake-specific fuel consumption. 
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The peak torque values for most of the PME blends increased by as much as 2%. 
Peak torque was measured from 287.1 N-m for B5 PME to 294.5 N-m for B50 PME at a 
speed of 800 rev/min. Torque values for B20 PME and B100 PME were observed at 
289.3 N-m and 289.8 N-m, respectively. 
The effect of the percentage of PME in a blend on the brake-specific fuel 
consumption at peak torque conditions was also shown in Figure 18. From the figure it 
can be observed that the BSFC increases as the percentage of PME in the mixture 
increases. It was approximately 19% higher with neat SME than with pure diesel fuel. 
B50 PME obtained the highest BSFC with 325.3 g/kW-h, compared to 248.8 g/kW-h for 
REFDIESEL.  
Chicken Fat Biodiesel (CFME). Figure 19 shows the engine performance 
parameters in relation to the different mixtures of CFME-diesel fuel. It is interesting to 
note that there is a slight decrease in power as the percentage of CFME in the mixture 
increases. The observed net brake power for B100 CFME was at 53.4 kW, which is 
4.0% lower than the corrected peak net brake power for REFDIESEL with 55.7 kW. 
A slight increase in peak torque as the percentage of chicken fat biodiesel was 
increased in the fuel blend. The peak torque was observed at its highest from B5 CFME 
with 291.4 N-m. Peak torque values gradually decrease as the percent of CFME in the 
blend increase. B100 CFME obtained the least peak torque at 281.9 N-m.  
Generally, the BSFC for CFME increases as the percent of CFME in the mixture 
increases. The maximum increase was observed with B100 CFME with 12% higher 
BSFC than REFDIESEL. Less BSFC was observed for B5 CFME with 247.6 g/kW-h, 
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compared to 248.8 g/kW-h for REFDIESEL. As for the other blends, the BSFC’s for 
B20 CFME, and B50 CFME were 11%, and 7% higher than with the REFDIESEL.  
 
4.4.2.2. Comparison between Biodiesel Feedstock 
Figures 20 and 21 show the performance curves of the test engine using 
REFDIESEL, B100 SME, B100 RME, B100 SFME, B100 PME, and B100 CFME. The 
corrected peak net brake power using REFDIESEL was observed to be the highest 
compared to the biodiesel fuels. Percent differences in peak net brake power were from 
0.2% to 2%.     
Moreover, the peak torque value for REFDIESEL was higher than peak torque 
values for biodiesel fuels. 293.2 N-m at 770.3 rev/min was observed for REFDIESEL, 
while 289.8 N-m at 868.5 rev/min, 284.8 N-m at 825.5 rev/min, 293.9 N-m at 869.8 
rev/min, 289.6 N-m at 847.3 rev/min, 289.1 N-m at 868.2 rev/min, and 288.7 N-m at 854 
rev/min, were observed for B100 PME, B100 CFME, B100 RME, B100 SaffME, B100 
SFME, and B100 SME, respectively. 
Differences in brake specific fuel consumption were also significant among the 
reference fuel and the biodiesel fuels (Figure 22). At peak torque conditions, B100 
SaffME obtained the highest BSFC with 314.78 g/kW-h, while REFDIESEL obtained 
the lowest with 248.78 g/kW-h. 
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Figure 19. The effects of chicken fat biodiesel fuel percentage on engine performance 
parameters’ net brake power, torque, and brake-specific fuel consumption. 
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Figure 20. Net brake power (kW) versus engine speed of JD 4045DF150 diesel engine 
using REFDIESEL and test biodiesel fuels. 
 
 
 
 
Figure 21. Torque produced (N-m) versus engine speed (rpm) of JD 4045DF150 diesel 
engine using REFDIESEL and test biodiesel fuels. 
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The Analysis of Variance is summarized in Table 6. With a p-value of 
approximately zero means that there is a significant difference in the brake-specific fuel 
consumption of the engine using different biodiesel fuels at peak load conditions. 
Furthermore, Fisher’s LSD results indicated that there is no strong evidence of 
differences among SME, SFME and PME test fuels (Table 7).   
 
 
Figure 22. Plot of the brake specific fuel consumption (g/kW-h) against engine speed 
(rpm). Data taken from JD 4045DF150 diesel engine tests. 
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Table 6. Analysis of variance for the BSFC of JD 4045DF150 using six types of 
biodiesel fuels. 
Sources of 
Variation 
Sum of 
Squares 
 
Degrees of 
Freedom 
Mean 
Square 
F P-value 
Between Groups 8397.930 6 1399.655 117.818 <0.001 
Within Groups 166.317 14 11.880   
Total 8564.247 20    
 
 
 
Table 7. Results of the Fisher’s LSD statistical method on the BSFC of the four test fuels 
and reference diesel fuel. 
 (I) FUEL 
  
(J) FUEL 
  
Mean Difference 
(I-J) Std. Error Sig. 95% Confidence Interval 
   Upper Bound Lower Bound 
REFDIESEL SME -42.80977(*) 2.81422 <0.001 -48.8457 -36.7739 
  RME -23.16363(*) 2.81422 <0.001 -29.1995 -17.1277 
  CFME -55.90883(*) 2.81422 <0.001 -61.9447 -49.8729 
  SFME -44.93563(*) 2.81422 <0.001 -50.9715 -38.8997 
  SaffME -64.14277(*) 2.81422 <0.001 -70.1787 -58.1069 
  PME -46.94645(*) 2.81422 <0.001 -52.9824 -40.9105 
SME REFDIESEL 42.80977(*) 2.81422 <0.001 36.7739 48.8457 
  RME 19.64613(*) 2.81422 <0.001 13.6102 25.6820 
  CFME -13.09907(*) 2.81422 <0.001 -19.1350 -7.0632 
  SFME -2.12587 2.81422 0.463 -8.1618 3.9100 
  SaffME -21.33300(*) 2.81422 <0.001 -27.3689 -15.2971 
  PME -4.13668 2.81422 0.164 -10.1726 1.8992 
RME REFDIESEL 23.16363(*) 2.81422 <0.001 17.1277 29.1995 
  SME -19.64613(*) 2.81422 <0.001 -25.6820 -13.6102 
  CFME -32.74520(*) 2.81422 <0.001 -38.7811 -26.7093 
  SFME -21.77200(*) 2.81422 <0.001 -27.8079 -15.7361 
  SaffME -40.97913(*) 2.81422 <0.001 -47.0150 -34.9432 
  PME -23.78282(*) 2.81422 <0.001 -29.8187 -17.7469 
CFME REFDIESEL 55.90883(*) 2.81422 <0.001 49.8729 61.9447 
  SME 13.09907(*) 2.81422 <0.001 7.0632 19.1350 
  RME 32.74520(*) 2.81422 <0.001 26.7093 38.7811 
  SFME 10.97320(*) 2.81422 0.002 4.9373 17.0091 
  SaffME -8.23393(*) 2.81422 0.011 -14.2698 -2.1980 
  PME 8.96238(*) 2.81422 0.007 2.9265 14.9983 
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Table 7 continued. 
 (I) FUEL 
  
(J) FUEL 
  
Mean Difference 
(I-J) Std. Error Sig. 95% Confidence Interval 
   Upper Bound Lower Bound 
SFME REFDIESEL 44.93563(*) 2.81422 <0.001 38.8997 50.9715 
  SME 2.12587 2.81422 0.463 -3.9100 8.1618 
  RME 21.77200(*) 2.81422 <0.001 15.7361 27.8079 
  CFME -10.97320(*) 2.81422 0.002 -17.0091 -4.9373 
  SaffME -19.20713(*) 2.81422 <0.001 -25.2430 -13.1712 
  PME -2.01082 2.81422 0.487 -8.0467 4.0251 
SaffME REFDIESEL 64.14277(*) 2.81422 <0.001 58.1069 70.1787 
  SME 21.33300(*) 2.81422 <0.001 15.2971 27.3689 
  RME 40.97913(*) 2.81422 <0.001 34.9432 47.0150 
  CFME 8.23393(*) 2.81422 0.011 2.1980 14.2698 
  SFME 19.20713(*) 2.81422 <0.001 13.1712 25.2430 
  PME 17.19632(*) 2.81422 <0.001 11.1604 23.2322 
PME REFDIESEL 46.94645(*) 2.81422 <0.001 40.9105 52.9824 
  SME 4.13668 2.81422 0.164 -1.8992 10.1726 
  RME 23.78282(*) 2.81422 <0.001 17.7469 29.8187 
  CFME -8.96238(*) 2.81422 0.007 -14.9983 -2.9265 
  SFME 2.01082 2.81422 0.487 -4.0251 8.0467 
  SaffME -17.19632(*) 2.81422 <0.001 -23.2322 -11.1604 
* The mean difference is significant at the .05 level. 
 
4.4.3. Summary  
Two objectives have been achieved in this section: 1) The relationships between 
the characteristic engine performance (i.e. brake horsepower, torque and specific fuel 
consumption) and the percentages of biodiesel in fuel blends were determined; and 2) 
The differences in engine performance between different biodiesel feedstock under study 
(i.e. soybean oil, canola oil, sunflower oil, safflower oil, peanut oil, and chicken fat) 
were assessed. 
Two test fuels, SFME and RME, delivered less power in reference to pure diesel 
fuel when used in a 3-cylinder Yanmar diesel engine, while CFME tends to perform the 
same for JD 4045DF150 engine. Power is a function of the engine geometry, speed, 
air/fuel ratio, efficiencies and fuel properties. Assuming mechanical losses are similar, 
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and since there were no modifications made in the injection rates or duration for an 
individual test fuel, power loss may be attributed to the variation in the fuel properties 
such as heating values and densities between fuels. 
Moreover, the rise in mass flow for all biodiesel fuels as observed from both 
engines can be attributed to the differences in the heating values of the test fuels. The 
biodiesel fuels have approximately 10% lower heating values than the reference diesel. 
The heating value affects the torque being produced and in order to match that torque 
with REFDIESEL, pure biodiesel (i.e. SME, RME, SFME, SaffME, CFME, and PME) 
and its blends with REFDIESEL will have to put more energy in the engine, resulting to 
higher fuel consumption. Also, as far as engine performance is concerned, it was 
determined based on the statistical analyses performed on BSFC at peak torque 
conditions for both engines that the BSFC’s of 100% SME and SFME were statistically 
the same.     
Finally, the data presented in this section verified that biodiesel may be used as a 
supplemental fuel for steady-state non-road diesel engines. When using small percentage 
of fuel blends, such as B5 and B20, peak power and BSFC were not significantly 
different from that of pure diesel fuel. Hence, consumers may elect to use these blends in 
order to take advantage of the lubricity of biodiesel as well as contributing to the goal of 
lowering the dependence to petroleum diesel.  
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4.5. Exhaust Emissions 
4.5.1. Small Engine  
Some of the EPA regulated emissions determined in this research  were CO,CO2, 
NOx, SO2, and total hydrocarbons. The Enerac 3000E exhaust emissions analyzer was 
used for the emissions testing. Data presented in this section are the averages of three 
readings for SME, PME, and RME and its blends with REFDIESEL, and a single 
reading for SFME and its blends with REFDIESEL fuel.   
 
4.5.1.1. Comparison between Fuel Blends 
Peanut Oil Biodiesel (PME). The emission concentrations for PME and its blends 
at peak torque conditions are shown in Figure 23. From the figure, it can be observed 
that NOx and CO2 emissions increase as the percentage of PME biodiesel in a blend is 
increased. The minimum emission of NOx takes place when using a mixture of 5% PME 
with diesel fuel. The NOx emission in this case diminishes by 5%. REFDIESEL 
produced the least CO2 with 7%.   When using pure PME, NOx and CO2 emissions 
increased by approximately 30% and 18%, respectively. 
As for other emissions, CO concentration data were similar to that reported in the 
literature (Schumacher et al., 2001). CO emission increases as the percentage of PME in 
the blend increases. A decrease of 29% in CO concentrations where observed as the 
mixture increase from 0 to 50% PME fuel.  Likewise, there were no noticeable 
differences in the SO2 concentrations produced using PME and its blends with 
REFDIESEL. At peak torque conditions, the SO2 concentrations stayed below 10 ppm 
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levels. Finally, THC concentrations increased by as much as 30% from using pure diesel 
(10.78 ppm) to B100 PME (14 ppm).    
Sunflower Oil Biodiesel (SFME). The trends observed concerning NOx 
emissions while testing the Yanmar engine clearly indicated that as the level of SFME in 
the blend increased, NOx emissions levels emitted by the engine also increased 
(Figure24). With pure SFME the emission of NOx is 34% higher than that of 
REFDIESEL. Moreno et al. (1999), however, reported that the NOx emission of a four 
cylinder, turbocharged, indirect-injected Isuzu engine using B100 SFME is only 5% 
higher than that of diesel fuel. It is interesting to note that the viscosity and density of the 
feedstock used in the literature were at 4.1 mm
2
/s and 0.9 kg/L. According to Moser et 
al.(1989), the higher density and viscosity of the biodiesel imply that the differential 
pressure at the advance piston contained in the distributor pump is slightly increased, 
which in turn advances injection. The viscosity and density of SFME for this study, 
however, were at 6.3 mm
2
/s and 0.9 kg/L. This variation in the viscosities may have 
influenced the NOx concentration through the advancing of the injection timing.      
 Carbon dioxide emission, on the other hand, had its peak at 20% SFME and 
gradually decrease as the percentage of SFME in blend is increased. With B100 SFME, 
the CO2 emission was 14% higher than pure diesel. Similar trends were observed for 
THC concentrations. It peaks at B20 SFME and then gradually decreases as it reach 
B100 SFME. The increase in THC concentrations from REFDIESEL to 100% SFME  
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Figure23. Effects of peanut oil biodiesel fuel percentage on different exhaust emissions. Data were taken from the  
Yanmar diesel engine. 
  
6
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Figure 24. Effects of sunflower oil biodiesel fuel percentage on different exhaust emissions. Data were taken from the Yanmar diesel 
engine. 
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was approximately 32%. Finally, the emission of carbon monoxide in the outlet gases 
decreases as the content of SFME increases. It reaches a minimum at 20% SFME. Then 
CO emission gradually increases as the percent of SFME reaches 100%.  
 
4.5.1.2. Comparison between Biodiesel Feedstock 
The NOx concentrations of the Yanmar 3009D test engine using different 
biodiesel fuels were shown in Figure 25. Generally, all biodiesel fuels under study have 
higher NOx concentrations than the reference fuel. However, NOx from PME was 
observed to be the most comparable to REFDIESEL.   
 
Figure 25. Oxides of nitrogen (NOx) concentrations of Yanmar 3009D diesel engine 
using ULSD (standard no. 2) fuel and biodiesel test fuels. 
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Other EPA regulated exhaust emissions such as CO, CO2, total hydrocarbons, 
and SO2, were also measured (Figure 26). Generally, the trend for CO and CO2 
concentrations tends to be decreasing as the engine speed is increased. REFDIESEL, as 
expected, has higher CO concentrations than the biodiesel fuels. Total hydrocarbon 
concentrations seemed to be not affected by the engine speed. Finally, SO2 emissions for 
all test fuels were observed to be lower than the 15-ppm limit imposed by EPA 
regulations.        
 
4.5.2. Large Engine 
4.5.2.1. Comparison between Fuel Blends 
Soybean Oil Biodiesel (SME). B100 SME obtained the highest NOx 
concentration among the mixtures of SME-diesel fuels being tested on the JD 
4045DF150 engine (Figure 27). The observed NOx concentration for B100 SME (522 
ppm) was 18.4% higher than the NOx concentration of pure diesel (441 ppm). Other 
blends such as B5, B20, and B50 have NOx concentration values of 461 ppm, 437 ppm, 
514 ppm, respectively.   
In addition, there was a slight variation in THC concentration values for SME-
diesel blends compared to REFDIESEL. It is interesting to note that 5, 50, and 100% 
PME fuels have higher THC concentration values than REFDIESEL. B20 SME obtained 
THC emissions of 15 ppm, while B50 PME obtained the highest with 26 ppm. Also, 
there were no traces of SO2 concentration that was observed in the exhaust for all SME 
fuel blends. 
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Figure 26. Carbon dioxide (CO2), carbon monoxide (CO), total hydrocarbon (THC) and sulfur dioxide (SO2) concentrations 
of Yanmar 3009D diesel engine using ULSD (standard no. 2) and biodiesel test fuels. 
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However, it is interesting to note that there is a slight decrease in CO emissions 
as the percentage of SME in the mixture increases. This trend is similar to the CO 
emissions when PME and SFME were used in the engine. The CO emission for 
REFDIESEL was at 138 ppm, which is 60% higher than the CO emission for B100 SME 
with 55 ppm.  
Finally, the effect of the percentage of SME in a blend on the CO2 emissions at 
peak torque conditions was also determined. A sudden increase in CO2 emissions was 
observed from 0% SME to 5% SME. However, it gradually decreases as the percentage 
of SME in a blend is increased from 5% to 100%. B100 SME has approximately 2% 
lower CO2 emissions than with pure diesel fuel. 
Canola Oil Biodiesel (RME). Other than B5 RME, a steady increase in NOx 
concentrations has been seen as the percentage of canola oil biodiesel in a blend is 
increased (Figure 28).  The NOx concentration for B100 RME was about 38.1% higher 
than with the REFDIESEL. As for the CO concentrations, it shows a similar trend with 
SME. As the percentage of RME increases, the CO emission decreases. A 45% 
deduction in CO concentration was observed for B100 RME.   
There was a slight variation in THC and CO2 concentrations for RME-diesel 
blends compared to REFDIESEL. All blends produced higher THC and CO2 
concentrations than REFDIESEL. B5 RME produced the highest CO2 and THC  
  
7
2
 
  
Figure 27. Effects of soybean oil biodiesel fuel percentage on different exhaust emissions. Data were taken from the JD 
4045DF150 diesel engine.
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concentrations with 8.25% and 22.5 ppm. REFDIESEL, on the other hand, REFDIESEL 
produced 6.4% CO2 and 15 ppm THC concentrations. Lastly, SO2 concentrations were low for 
all test fuels. The maximum SO2 concentration was observed from B5 and B50 RME, each with 
3 ppm of sulfur dioxide concentrations released.    
Peanut Oil Biodiesel (PME). Figure 29 shows the effects of the increase in PME in a 
mixture on some of the EPA regulated emissions. As expected and as what was observed in the 
small engine, the CO concentration for the large engine decreases as the percentage of PME in 
fuel blend is increased. The lowest CO concentration was observed with B50 PME at 98 ppm, 
while B100 PME (8% higher than B50 PME) has 109 ppm of CO concentrations. 
The emissions of NOx concentrations for PME mixtures have the same trend as with the 
SME and RME test fuels. The NOx concentration for PME increases as the percent of PME in 
the mixture increases. The maximum increase was observed with B100 PME with 18% higher 
NOx concentrations than REFDIESEL. As for the other blends, the NO concentrations for B5 
PME, B20 PME, and B50 PME were 10%, 7%, and 5% higher than with the REFDIESEL.  
THC and CO2 concentrations have similar trends. An increase in THC and CO2 
concentrations was observed with B5 PME from REFDIESEL and then it gradually diminishes 
as the percent of PME in the blend is increased. SO2 concentrations, on the other hand, do not 
seem to be affected in the changes in percentage of PME in the test fuel. 
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Figure 28. Effects of canola oil biodiesel fuel percentage on different exhaust emissions. Data were taken from the JD 
4045DF150 diesel engine. 
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Figure 29. Effects of peanut oil biodiesel fuel percentage on different exhaust emissions. Data were taken from the JD 
4045DF150 diesel engine.  
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Chicken Fat Biodiesel (CFME). Figure 30 shows the percent CFME content in a 
fuel blend in relation to the engine performance parameters (i.e. net brake power, kW; 
torque, N-m; BSFC, g/kW-h) being investigated. As for the NOx emissions, blends of 
50% and 100% CFME have higher observed readings of NOx concentrations compared 
to REFDIESEL. B5 and B20 CFME produced 6% and 3% less NOx emissions than pure 
diesel fuel. B100 CFME produced 12% higher NOx emissions than REFDIESEL. 
Also, a general trend of decreasing THC, SO2 and CO concentrations were 
observed as the percentage of CFME in the blend is increased. The minimum THC, SO2 
and CO concentrations were observed from B100 CFME.  
Finally, the effect of the percentage of CFME in a blend on the CO2 
concentrations at peak torque conditions was also determined. A gradual increase in CO2 
emissions was observed from 0% CFME to 50% CFME. However, it gradually 
decreases as the percentage of CFME in the blend is increased from 50% to 100%. B100 
CFME has approximately 9% higher CO2 emissions than with pure diesel fuel. 
 
4.5.2.2. Comparison between Biodiesel Feedstock 
Figure 31 shows the NOx emissions of the test engine at speeds between 800 
rev/min and 2700 rev/min using the six biodiesel test fuels. Generally, NOx emissions 
tend to decrease as the speed of the engine is increased. Peak NOx emissions were 
observed a little above peak torque speeds for all test fuels. B100 RME obtained the 
highest peak NOx concentrations with 627 ppm at 869.8 rev/min. REFDIESEL obtained 
the lowest peak NOx concentrations with 454 ppm at 1203 rev/min.  
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Figure 30. Effects of chicken fat biodiesel fuel percentage on different exhaust emissions. Data were taken from the JD 
4045DF150 diesel engine. 
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Figure 31. Oxides of nitrogen (NOx) concentrations of JD 4045DF150 diesel engine 
using ULSD standard no. 2 diesel and test biodiesel fuels. 
 
Carbon monoxide, carbon dioxide, and total hydrocarbon concentrations for 
biodiesel fuels were relatively higher than REFDIESEL (Figure 32). CO2 concentrations 
tend to gradually increase as the speed increases, however, up to a certain point (2050 
rev/min). Afterwards,   CO2 concentrations tend to decrease rapidly up to peak power 
conditions. On the other hand, carbon monoxide, sulfur dioxide and total hydrocarbon 
concentrations tend to peak as it approaches peak power conditions.  
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Figure 32. Carbon dioxide (CO2), carbon monoxide (CO), total hydrocarbon (THC) and sulfur dioxide (SO2) concentrations 
of JD 4045DF150 diesel engine using ultra-low sulfur (standard no. 2) farm diesel and test biodiesel fuels. 
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4.5.3. Summary 
The following objectives were accomplished in this section: 1) The relationship 
between pollutant concentrations (i.e. NOx, SO2, THC, CO and CO2) in a diesel engine 
exhaust and the percentage of biodiesel in fuel blends were determined; and 2) The 
differences in exhaust emissions between different biodiesel feedstock under study (i.e. 
soybean oil, canola oil, sunflower oil, safflower oil, peanut oil, and chicken fat) were 
evaluated.  
Generally, total hydrocarbon emissions were higher in fuel blends such as B5 and 
B20 and then gradually decreases as the percentage of biodiesel in a fuel blend was 
increased to B100. This trend was exemplified by all of the test fuels in both small and 
large engines. Also, carbon monoxide concentrations for all biodiesel test fuels and its 
blends were lower than the REFDIESEL. The reduction of both HC and CO emissions 
may be attributed as a result of having high density, viscosity and oxygen content levels 
for biodiesel fuels. An increase in the viscosity of the fuel produces a greater advance in 
the injection timing; however, this effect is lower in high engine speeds (Moser et al., 
1989).  
The viscosity of SFME and PME are very high. Both fuels did not meet the 
ASTM 6751 standard for kinematic viscosity (D 445).The higher density and viscosity 
of SFME and PME imply that the fuel pump pressure is slightly increased, which in turn 
advances the injection. An increment of the density and viscosity in the fuel implies a 
change in the characteristics of the fuel jet liberated by the injector (size of droplets, 
penetration, etc.), not to mention increasing the amount of fuel retained in the interior of 
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the injector nozzle. This retained fuel suffers a delay in its incorporation inside the 
combustion chamber, and this produces an increase in the hydrocarbons without burning 
(Munoz et al., 2004).  
In addition, Rakopoulos et al. (1996) have concluded in their research work that 
in the case of using pump-line-nozzle injection systems, both HC and CO emissions 
decrease as the oxygen in the combustion chamber increases.  Sources of oxygen can 
either be with oxygenated fuels such as biodiesel or oxygen-enriched air.  
Carbon dioxide concentrations were observed to be higher at low engine speeds 
and high load. This trend has been observed for both engines. The percentage of 
biodiesel in the blend also describes that CO2 emissions are its highest on blends 
between B5 and B20, and then gradually decreases as the percentage of biodiesel is 
increased to 100%.  
The Nitrogen oxide emissions are clearly dependent on engine speed and load. 
NOx emission is increased at reduced engine speed. Also, the higher the percentage of 
biodiesel in the blend would result to the higher production of NOx in the exhaust. 
Higher viscosities for biodiesel fuels, which would result to the advancing of the 
injection timing, may also be attributed to the increase in NOx concentrations. The fuel 
spray properties could change such that the increase in the droplet sizes could reduce the 
fraction of burned fuel in the pre-mixture phase (ignition delay period), which means an 
increase in the duration of the diffusive phase (Grabowski and McCormick, 1998).  
 Lastly, SO2 concentrations were very low for all test fuels, including the ultra-
low sulfur reference diesel fuel. SO2 emissions hardly pass the 15 ppm mark.  
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5. SUMMARY AND CONCLUSIONS 
 
When new feedstocks are identified, the criteria should be whether the feedstock 
will produce biodiesel that will easily comply with the ASTM standards upon refining 
and conventional biodiesel processing. Biodiesel producers must realize that each 
feedstock has different properties that would impact refining ability as shown in this 
study. For example, sunflower and peanuts have high wax content (13% and 18%, 
respectively) and producers must be aware of yield reduction during refining process. 
Other feedstocks have high acid number (e.g., 0.68 for safflower vs. the standard 0.5) 
and may require additional refining or neutralizing steps. Still others will have high 
kinematic viscosity values (sunflower = 6.3 mm
2
/s and peanut = 7.0 mm
2
/s) that are 
higher than the standard (6.0 mm
2
/s) and will require additives to bring kinematic 
viscosity to within the standard limit. New feedstock will have to undergo various 
refining and trans-esterification studies before they can qualify as commercial grade 
biodiesel. Chicken fat has potential as biodiesel after proper refining. 
The engine performance tests show that an engine operating on biodiesel 
generates a slightly less power and torque at any given speed than that fueled by diesel 
without taking into account the lower heating value of the biodiesel fuel. Biodiesel has 
about 10% less energy than diesel and the reduction in torque and power is at most 8% 
for small engines and 2% for large engines. The lower heating value of biodiesel fuel is 
reflected in the specific fuel consumption, i.e., to generate the same power, more 
biodiesel is needed. Thus, as much as 19% more biodiesel is required for some feed 
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stocks (SaffME) to as low as 8% for some (RME) to achieve the same power output. The 
reduction in torque and power of less than 10% indicates that in some cases, biodiesel 
has better combustion than diesel. Unfortunately, this characteristic high combustion 
efficiency may give rise to increased combustion temperature which may lead to higher 
NOx emissions.   
Total hydrocarbon and CO2 emissions were higher in fuel blends such as B5 and 
B20 and then gradually decreases as the percentage of biodiesel in a fuel blend was 
increased to B100. This trend was exemplified by all of the test fuels in both small and 
large engines. Also, carbon monoxide concentrations for all biodiesel test fuels and its 
blends were lower than the REFDIESEL. The reduction of both THC and CO emissions 
may be attributed to the high density, viscosity and oxygen content levels of biodiesel 
fuels.  
The engine NOx exhaust emission for most biodiesel fuel is on the average 
higher than reference diesel. However, this is not true for all rpm and load conditions. 
For small engines, higher NOx emissions were seen at all rpm, but for large engines, 
there are load conditions and rpm level where the NOx emissions for biodiesel and 
blends are lower. Generally, NOx are higher at low speed conditions. As the engine 
approaches peak power, NOx emissions for biodiesel fuels and large engines are almost 
the same as reference diesel. At even higher speeds, biodiesel NOx emissions may in 
fact be lower. 
In conclusion, this study has shown that NOx emissions are higher, particularly 
at low speeds for most biodiesel and blends and may require some additives or engine 
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modifications/or adjustments to equal the NOx emissions of diesel. Other emissions 
particularly SO2 are very for both diesel and biodiesel fuels.  It was also shown (based 
on exhaust emissions profile) that biodiesel fuels have better combustion behavior than 
diesel at lower engine speeds based on higher concentrations of combustion products 
such as CO2.  
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APPENDIX A 
 
Table. A.1. SME Blends comparison using the Yanmar 3009D diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak Torque, 
N-m 
SPEED @ Peak 
Torque, rpm 
BSFC @ Peak 
Power, g/kW-h 
BSFC @ Peak 
Torque, g/kW-h 
REFDIESEL 13.43* 2941.81 48.73 2607.78 285.55* 275.00* 
B5 SME 13.61 2754.97 47.17 2754.97 274.26 274.26 
B20 SME 13.58 2898.50 47.37 2631.79 283.75 288.78 
B50 SME 13.60 2896.31 49.03 2484.56 287.55 283.41 
B100 SME 13.45 2918.34 46.89 2534.03 307.67 313.86 
* Corrected as described in SAE J 1349. 
 
      
 
Table A.2. RME Blends comparison using the Yanmar 3009D diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak 
Torque, N-
m 
SPEED @ Peak 
Torque, rpm 
BSFC @ Peak 
Power, g/kW-h 
BSFC @ Peak 
Torque, g/kW-h 
REFDIESEL 13.33* 2723.14 46.83 2723.14 279.86* 279.86* 
B5 RME 13.28 2744.74 46.20 2528.12 266.13 267.84 
B20 RME 13.36 2747.44 46.44 2591.46 270.25 271.43 
B50 RME 13.34 2755.35 46.25 2528.57 277.43 267.08 
B100 RME 13.31 2927.99 46.39 2604.00 303.96 308.38 
* Corrected as described in SAE J 1349. 
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Table A.3. SFME Blends comparison using the Yanmar 3009D diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak 
Torque, N-
m 
SPEED @ Peak 
Torque, rpm 
BSFC @ Peak 
Power, g/kW-h 
BSFC @ Peak 
Torque, g/kW-h 
REFDIESEL 13.95* 2911.43 46.97 2721.69 288.95* 279.37* 
B5 SFME 13.66 2957.14 46.02 2739.84 277.40 276.44 
B20 SFME 13.58 2918.28 46.47 2731.35 269.16 266.47 
B100 SFME 13.33 2742.14 46.44 2742.14 294.52 294.52 
* Corrected as described in SAE J 1349. 
      
 
      
       Table A.4. PME Blends comparison using the Yanmar 3009D diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak 
Torque, N-
m 
SPEED @ Peak 
Torque, rpm 
BSFC @ Peak 
Power, g/kW-h 
BSFC @ Peak 
Torque, g/kW-h 
REFDIESEL 13.47* 2941.81 48.73 2607.78 280.62* 270.24* 
B5 PME 13.52 2951.33 49.52 2613.04 272.25 266.64 
B20 PME 13.54 2934.34 47.37 2725.60 273.93 269.90 
B20 PME 13.45 2954.09 49.91 2621.53 281.26 275.98 
B100 PME 13.74 2937.61 49.60 2628.00 292.31 294.60 
* Corrected as described in SAE J 1349. 
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Table A.5. CFME Blends comparison using the JD 4045DF150 diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak Torque, 
N-m 
SPEED @ 
Peak Torque, 
rpm 
BSFC @ 
Peak Power, 
g/kW-h 
BSFC @ Peak 
Torque, 
g/kW-h 
REFDIESEL 55.65* 2493.00 288.30 1002.00 250.24* 248.78* 
B5 CFME 55.02 2434.00 291.40 851.50 262.55 247.61 
B20 CFME 55.23 2459.00 289.50 864.60 262.71 276.69 
B50 CFME 54.17 2498.00 282.80 1018.00 267.17 267.19 
B100 CFME 53.42 2371.00 281.90 935.10 275.60 276.79 
* Corrected as described in SAE J 1349. 
     
       
       
       Table A.6. SME Blends comparison using the JD 4045DF150 diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak Torque, 
N-m 
SPEED @ 
Peak Torque, 
rpm 
BSFC @ 
Peak Power, 
g/kW-h 
BSFC @ Peak 
Torque, 
g/kW-h 
REFDIESEL 55.65* 2493.00 288.30 1002.00 250.24* 248.78* 
B5 SME 54.99 2447.00 290.20 945.50 254.55 245.70 
B20 SME 56.46 2425.00 293.50 978.60 250.35 243.92 
B50 SME 55.39 2439.00 292.90 797.90 267.08 285.88 
B100 SME 54.60 2494.00 288.70 854.00 280.76 291.54 
* Corrected as described in SAE J 1349. 
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Table A.7. RME Blends comparison using the JD 4045DF150 diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak Torque, 
N-m 
SPEED @ 
Peak Torque, 
rpm 
BSFC @ 
Peak Power, 
g/kW-h 
BSFC @ Peak 
Torque, 
g/kW-h 
REFDIESEL 55.65* 2493.00 288.30 1002.00 250.24* 248.78* 
B5 RME 55.69 2325.50 292.30 1003.65 250.33 273.51 
B20 RME 56.23 2396.00 294.90 850.60 250.10 277.64 
B50 RME 55.27 2423.00 291.40 890.30 262.05 277.93 
B100 RME 55.78 2461.00 293.90 869.80 269.83 272.34 
* Corrected as described in SAE J 1349. 
     
       
       
 
      Table A.8. PME Blends comparison using the JD 4045DF150 diesel engine. 
  
Fuel 
Peak Net 
Brake Power, 
kW 
SPEED @ 
Peak Power, 
rpm 
Peak Torque, 
N-m 
SPEED @ 
Peak Torque, 
rpm 
BSFC @ 
Peak Power, 
g/kW-h 
BSFC @ Peak 
Torque, 
g/kW-h 
REFDIESEL 55.65* 2493.00 288.30 1002.00 250.24* 248.78* 
B5 PME 55.20 2418.00 287.10 1015.00 266.61 253.33 
B20 PME 55.79 2419.00 289.30 1000.00 267.74 269.42 
B50 PME 55.90 2433.00 294.50 827.00 262.99 325.33 
B100 PME 54.79 2465.00 289.80 868.50 273.13 296.34 
* Corrected as described in SAE J 1349. 
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Table A.9. SFME Blends comparison on exhaust emissions of Yanmar 3009D diesel 
engine. 
Fuel 
Peak Torque Conditions 
NOx, ppm SO2, ppm CO, ppm CO2, % THC, ppm 
REFDIESEL 304.43 0.00 177.39 6.90 26.23 
B5 SFME 307.54 0.00 147.23 7.04 34.46 
B20 SFME 404.52 0.00 117.48 8.13 41.71 
B100 SFME 408.83 0.00 142.36 7.86 31.45 
      
 
     Table A.10. PME Blends comparison on exhaust emissions of Yanmar 3009D diesel 
engine. 
Fuel 
Peak Torque Conditions 
NOx, ppm SO2, ppm CO, ppm CO2, % THC, ppm 
REFDIESEL 231.16 10.77 153.81 7.12 10.77 
B5 PME 221.90 7.00 132.00 7.18 8.48 
B20 PME 235.32 4.35 141.84 7.13 14.90 
B20 PME 255.81 7.10 108.74 7.60 9.90 
B100 PME 300.72 6.21 121.24 8.38 14.03 
 
 
 
Table A.11. CFME Blends comparison on exhaust emissions using JD 4045DF150 
diesel engine. 
Fuel 
Peak Torque Conditions 
NOx, ppm SO2, ppm CO, ppm CO2, % THC, ppm 
REFDIESEL 441 0 138 6.4 15 
B5 CFME 416 7 136 7 26 
B20 CFME 431 3 119 7.5 23 
B50 CFME 452 3 105 7.7 21 
B100 CFME 493 0 86 7 13 
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Table A.12. SME Blends comparison on exhaust emissions using JD 4045DF150 diesel 
engine. 
Fuel 
Peak Torque Conditions 
NOx, ppm SO2, ppm CO, ppm CO2, % THC, ppm 
REFDIESEL 441 0 138 6.4 15 
B5 SME 461 0 136 7.6 20 
B20 SME 437 0 100 7 15 
B50 SME 514 0 80 7.2 26 
B100 SME 522 0 55 6.3 22 
      
 
 
     Table A.13. RME Blends comparison on exhaust emissions using JD 4045DF150 diesel 
engine. 
Fuel 
Peak Torque Conditions 
NOx, ppm SO2, ppm CO, ppm CO2, % THC, ppm 
REFDIESEL 454 0 138 6.4 15 
B5 RME 350 3 147.5 8.25 22.5 
B20 RME 526 0 168.67 8.2 18.67 
B50 RME 482 3 109 8.2 15 
B100 RME 627 0 76 7.4 20 
      
  
 
 
   Table A.14. PME Blends comparison on exhaust emissions using JD 4045DF150 diesel 
engine. 
Fuel 
Peak Torque Conditions 
NOx, ppm SO2, ppm CO, ppm CO2, % THC, ppm 
REFDIESEL 441 0 138 6.4 15 
B5 PME 486 7 142 8 23 
B20 PME 471 0 131 7.5 23 
B50 PME 465 3 98 6.7 19 
B100 PME 521 0 109 6.2 9 
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APPENDIX B 
 
 
 
 
 
 
Figure B.1. Relationship between soybean oil biodiesel and its blends with standard no. 
2 petroleum diesel with some engine performance parameters. Data obtained from the 
Yanmar engine. 
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Figure B.2. Relationship between canola oil biodiesel and its blends with standard no. 2 
petroleum diesel with some engine performance parameters. Data obtained from the 
Yanmar engine. 
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Figure B.3. Relationship between sunflower oil biodiesel and its blends with standard 
no. 2 petroleum diesel with some engine performance parameters. Data obtained from 
the Yanmar engine.  
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Figure B.4. Relationship between peanut oil biodiesel and its blends with standard no. 2 
petroleum diesel with some engine performance parameters. Data obtained from the 
Yanmar engine.  
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Figure B.5. Relationship between soybean oil biodiesel and its blends with standard no. 
2 petroleum diesel with some engine performance parameters. Data obtained from the 
JD 4045DF150 engine.  
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Figure B.6. Relationship between canola oil biodiesel and its blends with standard no. 2 
petroleum diesel with some engine performance parameters. Data obtained from the JD 
4045DF150 engine.  
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Figure B.7. Relationship between peanut oil biodiesel and its blends with standard no. 2 
petroleum diesel with some engine performance parameters. Data obtained from the JD 
4045DF150 engine.  
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Figure B.8. Relationship between chicken fat oil biodiesel and its blends with standard 
no. 2 petroleum diesel with some engine performance parameters. Data obtained from 
the JD 4045DF150 engine.  
 
 
 
 
 
 
 
 
 
103 
 
 
 
 
 
 
 
 
Figure B.9. Relationship between peanut oil biodiesel and its blends with standard no. 2 
petroleum diesel with some of the EPA regulated exhaust emission concentrations. Data 
obtained from the Yanmar engine.  
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Figure B.10. Relationship between sunflower oil biodiesel and its blends with standard 
no. 2 petroleum diesel with some of the EPA regulated exhaust emission concentrations. 
Data obtained from the Yanmar engine.  
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Figure B.11. Relationship between soybean oil biodiesel and its blends with standard no. 
2 petroleum diesel with some of the EPA regulated exhaust emission concentrations. 
Data obtained from the JD 4045DF150 engine.  
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Figure B.12. Relationship between canola oil biodiesel and its blends with standard no. 2 
petroleum diesel with some of the EPA regulated exhaust emission concentrations. Data 
obtained from the JD 4045DF150 engine.  
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Figure B.12. Relationship between peanut oil biodiesel and its blends with standard no. 2 
petroleum diesel with some of the EPA regulated exhaust emission concentrations. Data 
obtained from the JD 4045DF150 engine.  
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Figure B.13. Relationship between chicken fat biodiesel and its blends with standard no. 
2 petroleum diesel with some of the EPA regulated exhaust emission concentrations. 
Data obtained from the JD 4045DF150 engine.  
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APPENDIX C 
 
Table C.1. Randomized complete block experimental design used for each feedstock in 
each engine. 
  Run #1 Run #2 Run #3 Run #4 Run #5 
Block Block 1 Block 1 Block 1 Block 1 Block 1 
FUEL REFDIESEL B100 B20 B50 B5 
            
POWER, kW           
TORQUE, N-m           
BSFC, g/kW-h           
NOx, ppm           
CO, ppm           
CO2, %           
THC, ppm           
SO2, ppm           
  Run #6 Run #7 Run #8 Run #9 Run #10 
Block Block 2 Block 2 Block 2 Block 2 Block 2 
FUEL B50 B5 REFDIESEL B20 B100 
            
POWER, kW           
TORQUE, N-m           
BSFC, g/kW-h           
NOx, ppm           
CO, ppm           
CO2, %           
THC, ppm           
SO2, ppm           
  Run #11 Run #12 Run #13 Run #14 Run #15 
Block Block 3 Block 3 Block 3 Block 3 Block 3 
FUEL REFDIESEL B100 B50 B20 B5 
            
POWER, kW           
TORQUE, N-m           
BSFC, g/kW-h           
NOx, ppm           
CO, ppm           
CO2, %           
THC, ppm           
SO2, ppm           
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